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Brake-By-Wire (BBW) technology is the ability to control brakes through electrical 
means. A BBW system implemented with one micro-controller and actuator per wheel 
can provide more precise braking. The BBW system is considered to be one of the most 
significant innovations among X-By-Wire technologies that will revolutionize the 
automotive industry. The BBW system has the advantages of fast response speed and 
high braking torque control precision that can potentially replace the traditional hydraulic 
braking system (HBS).  This thesis aims to investigate advanced BBW systems and solve 
their related issues.  
There are many forms of BBW systems such as the motor braking system (MBS) and the 
blended BBW system. The MBS as a form of BBW can not only achieve high precision 
braking torque control but also achieve the function of regenerative braking. Usually, the 
relationship between brake pedal position and vehicle deceleration is linear for MBS. 
However, this strategy does not take motor electrical characteristics and braking energy 
recovery into consideration. The recovered braking energy is limited. In this thesis, a new 
braking strategy based on the driver's braking intention and motor working characteristics 
is proposed for a pure MBS. This strategy is able to achieve as much braking energy 
recovery as possible, without violating the driver's braking intention. 
Pure MBS is suitable for low speed and light electric vehicles (EVs). However, in order 
to guarantee effective braking performance, the blended braking system (BBS) is usually 
adopted for heavy vehicles or high speed vehicles. The blended BBW system which 
combines MBS and one conventional BBW system (such as the electro-mechanical brake 
(EMB) or electro hydraulic braking (EHB)) not only has fast response and large braking 
torque capability, but is also able to achieve braking energy recovery. However, the 
coordinated control of blended BBW is a challenging task, especially when the input 
time-delay and output braking torque of one of the brake actuators cannot be directly 
measured in the blended BBW system. In order to solve this problem, a new observer is 
proposed and designed in this thesis. The designed observer is able to simultaneously 
estimate the input time-delay and output braking torque of the brake actuator in a blended 
BBW system.  
In addition, there are two important indicators for the blended BBW system. One is 
braking performance. Another one is braking energy recovery. Braking performance is 
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an important indicator of the efficacy of the vehicle braking system. Braking performance 
especially needs to be guaranteed in emergency braking conditions. Anti-lock braking 
systems (ABS) play an important role in improving vehicle braking performance during 
emergency braking. One challenge of ABS, however, is that the optimal slip ratio is 
difficult to obtain in real time and the optimal slip ratio can be different under different 
road conditions. To solve this problem, a modified extremum seeking based adaptive 
fuzzy sliding mode control strategy is proposed to seek and track the optimal slip ratio 
for improving the braking performance. 
In addition to ensuring braking performance, there is still room to improve braking energy 
recovery by adjusting braking torque distribution. Consequently, a new braking torque 
distribution strategy is designed for the blended BBW system. The proposed braking 
torque distribution strategy adjusts the braking torque distribution ratio according to the 
command braking torque signal, the braking actuators’ dynamic characteristics and the 
motor’s electrical characteristics. The simulation results show that the proposed braking 
torque distribution strategy is able to recover more braking energy without affecting the 
braking performance. 
In order to further improve the braking performance of the blended BBW system, the 
conventional BBW system used in the blended BBW system can be replaced by a 
magneto-rheological brake system (MRB). However, the problem of heat generated by 
the MRB’s zero-applied field friction torque during vehicle cruising exists in 
conventional MRB. The heat generated by zero-applied field friction torque when the 
vehicle is cruising can seriously affect the braking capacity of MRB and even lead to the 
failure of the Magneto-rheological fluid (MRF) and cause traffic accidents. In order to 
overcome this problem, a new MRB is designed in this thesis. It is able to achieve zero 
friction torque during vehicle cruising. 
A comprehensive literature review of various BBW systems and control methods is the 
focus of the introduction. Then a new braking strategy is designed for a pure MBS. In 
addition, a new observer, a modified extremum seeking and tracking algorithm and a new 
braking torque distribution strategy are designed for a blended BBW system. Finally, a 
new type of MRB is designed to solve the problems existing in conventional MRBs and 
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CHAPTER 1 Introduction 
1.1 X-By-Wire systems  
Due to recent advances in electronic technology, the automotive industry has been 
moving away from mechanical systems to electrically controlled systems [1]. X-By-Wire 
is a generic term referring to the replacement of mechanical or hydraulic connections in 
systems such as driving, braking or steering systems, with electronic connections. Since 
its introduction in aeroplanes during the 1970s the industrial demand for X-By-Wire 
systems has been steadily increasing. X-By-Wire systems began to be installed about 25 
years ago. It was first adopted by the military, later was adopted by commercial aircraft 
and is now employed in the ground transportation sector [2]. 
The three basic X-By-Wire systems developed in the context of the automotive industry 
are throttle-by-wire, brake-by-wire and steer-by-wire [3]. A number of X-By-Wire 
systems have already been implemented in some vehicles. Throttle-by-wire systems have 
already been widely accepted in conventional vehicles. The first critical X-By-Wire 
function was the throttle-by-wire, implemented in a Chevrolet Corvette series in 1980 to 
replace the cable-based throttle [4].  However, steer-by-wire and brake-by-wire systems 
will always have a mechanical back-up. The security issue is a major factor.  
The variable steering ratio of the steer-by-wire system enables the steering ratio between 
the hand wheel and the wheels to adapt according to the driving conditions. The steering 
column is one of the heaviest components of the vehicle. When steer-by-wire replaces the 
conventional steering system, it significantly decreases the weight of the vehicle and thus 
reduces fuel consumption. Some manufacturers have built concept vehicles that employ 
the steer-by-wire function such as Danfoss’s OEMs [5], Delphi Corp.'s Quadra-steer car 
[6] and Nissan’s Infiniti Q50 [7]. 
The first technology to be introduced in the BBW system was the EHB system [4]. Over 
the last few years, Mercedes-Benz and Toyota have developed nearly full BBW systems 
for use in the Mercedes-Benz E-class and SL models and on Toyota’s Estima [8]. 
1.2 Brake-By-Wire system  
The BBW system consisting of electromechanical actuators and communication networks 
has emerged as a new and promising vehicle braking control scheme. The advantages of 
the BBW system are listed as follows [9]: 
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1) The efficiency of the motor is improved due to the generation of brake torques and the 
stability of brake control is improved due to the quick and accurate use of MBS; 
2) Enhanced diagnostic capability of the braking system; 
3) Easier adaptation of assistance systems [e.g., ABS and electronic stability program 
(ESP)]; 
4) The costs of design, construction, assembly, and maintenance are reduced; 
5) Space saving is achieved and the system has less weight; 
6) It is more environmentally friendly. 
1.3 Motor braking system 
There are many forms of BBW systems, and MBS is one of the most important forms. 
With rising concern about global environmental and energy issues, EVs have been the 
focus of the automotive industry in recent years because they have the advantages of no 
emissions and high efficiency [10~29]. However, the problems of improving the driving 
range and maintaining braking safety still need to be resolved.  
Brushless motors, or more accurately Brushless DC Permanent Magnet Synchronous 
Motors (PMSMs) which contain permanent magnets and electromagnets (as shown in 
Figure 1-1) are widely used in EVs. The electromagnets are arranged in groups of three 
and are powered in sequence in order to create a rotating field that drives the permanent 
magnets. The electromagnets are located on the non-rotating part of the motor, which are 
normally in the motor casing for traditional motors, in which case the permanent magnets 
are on the rotor that spins around the motor shaft. On hub motors, such as those found on 
electric bikes, scooters and some other EVs, the electromagnets are on the fixed centre 




Figure 1-1. 3-phase PMSMs. 
Electric machines normally have two main modes of operation, i.e. motoring and braking. 
Motoring always requires that electric power flows into the machine’s electrical port, 
since the source of mechanical power for motoring is the converted electric power. On 
the other hand, braking can occur in two distinct ways; regenerative braking and plug 
braking. As shown in Figure 1-2, if electric power flows out of the machine’s electrical 
port when braking, this mode of operation is referred to as regenerative braking. If electric 
power flows into the machine’s electrical port when braking, this mode of operation is 
referred to as plug braking [10]. 
 
Figure 1-2. Power and state of PMSMs for regenerative braking and plug braking. 
Regenerative braking is one of the most effective methods available to improve EVs’ 
energy efficiency, particularly in the operation conditions with frequent start–stop drive 
patterns. Research has shown that the regenerative braking system may increase the 
driving range by as much as 8%–25% [11]. For MBS, braking energy recovery is an 
important indicator. A schematic diagram of the electric machine control circuit is shown 
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in Figure 1-3. PMSMs are widely used in EVs because PMSMs have the advantage of 
high power density and high efficiency [12]. In this thesis, PMSM is selected as the drive 
motor. 
 
Figure 1-3. Sketch of the control circuit of PMSMs. 
As shown in Figure 1-3, the control system includes PMSMs, a three-phase voltage source 
converter and a power source (battery). The three-phase voltage source converter is used 
to transfer DC voltage to AC voltage and drive the PMSMs. The three-phase voltage 
source converter consists of three identical legs consisting of two switches and two diodes 
each. Each leg of the three-phase voltage source converter is operated with a pulse width 
modulated switch duty ratio to produce a balanced three-phase output which is given as 
the input to the electric machine. Both switches in the same leg cannot be turned ON at 
the same time, as it would short the input voltage. Thus the nature of operation of the two 
switches in the same leg is complementary. Pulse-width modulation (PWM) is used for 
the three-phase voltage source converter control. Motor braking torque control can be 
achieved by controlling the duty cycle of the PWM. The DC-side of the power converter 
is connected to a DC power source with bus capacitance.  
1.4 Braking systems 
There have been many studies concerning braking systems [10~44]. Different braking 
systems present different working bandwidths. As shown in Figure 1-4, the response 
speed of a conventional friction braking system (FBS), such as the HBS, is the lowest, 




Figure 1-4. Qualitative features of the braking devices in the EVs [2]. 
There are three main classes of braking systems according to the braking actuators used 
in EVs. One is the conventional FBS in which the vehicle decelerates or stops by the 
mechanical friction forces exerted on the wheels (as shown in Figure 1-5). The common 
form of the FBS is the HBS. The other main braking system class is the pure MBS (as 
shown in Figure 1-6), where only the motor is used to make the vehicle stop [30]. The 
third class is the BBS in which different braking systems are adopted (as shown in Figure 
1-7).   
 





Figure 1-6. Four-wheel pure MBS. 
 
Figure 1-7. Four-wheel BBS. 
Compared with the conventional FBS, BBS and MBS are able to achieve braking energy 
recovery and have faster response speeds. The disadvantage of MBS is that motor braking 
torque is limited (as shown in Figure 1-4). Thus the pure MBS is only suitable for the low 
to medium speed light EVs. It cannot be used in heavy vehicles or high speed vehicles. 
Compared with the pure MBS, BBS has the advantage of providing large braking torque. 
However, electrical and conventional braking systems present quite different dynamic 
characteristics (as shown in Figure 1-4). Coordinated control of BBS is a complex task. 
As shown in Figure 1-4, the electric motor extends the bandwidth of the previous 
generations of friction brakes. Hence, to take full advantage of all the capabilities 
available in the braking devices, the most interesting configuration is the one where the 
electric motor and FBS are simultaneously controlled [2]. Even though pure MBS has the 
advantages of simple structure, low maintenance, and high controllability, the BBS is 
usually adopted in most cases for the sake of ensuring driving safety.  
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To achieve the function of braking energy recovery, MBS is usually essential in a BBS. 
To guarantee the vehicle’s brake performance, an FBS is still needed. In addition to an 
MBS, other forms of braking systems which are usually adopted in a BBS could be an 
EMB [31], EHB [32] or an MRB [33]. Most manufactured EVs, including the Toyota 
Prius, Nissan Leaf, and Tesla Model S, are equipped with regenerative braking [35~37].  
It is well known that conventional BBW systems (such as EHBs or EMBs) have many 
disadvantages, such as slow response time (200–300ms), complex mechanical parts (with 
large size and heavy weight), braking noise due to metal-on-metal friction, and low 
braking performance at high speed and high temperature [37]. In a blended BBW system 
comprising of an MBS and a conventional BBW system, the two systems can make up 
for each other and achieve the function of fast response speed, large braking torque and 
braking energy recovery.  
1.5 Magneto-rheological brake 
The MRB system has many advantages compared to the conventional BBW system and 
the conventional FBS, such as fast response time and a simple mechanism. Thus, many 
research projects are currently under way to develop MRB systems for vehicles [45~61]. 
In MRB systems, magneto-rheological fluid (MRF) is the most important component. 
MRF is a type of yielding pseudo-plastic fluid. When no current is applied to the coils, 
the MR particles are randomly arranged between the rotor plate and the axle rotate, with 
a small shear torque caused by the Newtonian viscosity. When a desired braking torque 
is needed, a certain corresponding current is applied to the coils. Then, the MRF is rapidly 
converted into a solid form, thereby generating the desired brake torque. This can be seen 
in Figure 1-8. 
 
                        (a)                                                       (b) 
Figure 1-8. Microstructures of an MRF (a) without an external magnetic field and (b) 
with an external magnetic field.           
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Figure 1-8 (a) shows the microstructure of MRF without an external magnetic field and 
Figure 1-8 (b) shows the microstructure of MRF with an external magnetic field. When 
the magnetic field is not applied, particles seem to move randomly in the carrier fluid 
(Figure 1-8 (a)). When the magnetic field is applied, the particles are attracted to one 
another (Figure 1-8 (b)), thereby forming a chain-like structure that is distributed along 
the direction of the magnetic field between the stator and the rotor. The braking torque is 
caused by the deformation and the shear of the MRF chains. The braking torque can be 
controlled by adjusting the applied current [37]. 
MRF holds great potential in many applications that require an electromechanical 
interface, such as clutches, brakes, valves, dampers and robotics [46]. Generally, MRB 
systems can be divided into two categories according to their action surface: disc and 
drum. The rotor is thin in a disc-type MRB system, and the braking force is mainly 
generated between the MRF and end-face of the disc. The rotor is thicker in a drum-type 
MRB system, and the torque is created between the MRF and the outer radius of the drum. 
Considering the geometric structures and the available space, the disc-type MRB system 
is usually adopted for vehicle braking. The disc-type MRB system can also be divided 
into single-disc and multiple-disc systems. Their working principles are the same. The 
only difference is the number of rotating discs. Thus a single disc-type MRB system can 
be used as an example to illustrate the working principle. The conventional single disc-
type MRB system is shown in Figure 1-9.  
 
Figure 1-9. Single disc-type MRB system. 
As shown in Figure 1-9, an MRB system normally consists of a rotating disc (or discs) 
immersed in MRF and enclosed in an electromagnetic casing (stationary housing). The 
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torque characteristics of an MRB system in the shear mode are controlled by regulating 
the yield stress of the MRF. A shaft with a magnetic steel rotary disc is fastened to a 
wheel of the vehicle. The rotary disc is covered by stationary housing made of magnetic 
steel. The stationary housing is fastened to the chassis of the vehicle and it is stationary. 
A wire coil wound around a nonmagnetic bobbin is embedded on the inner perimeter of 
the housing. The space between the stationary housing and the rotary disc is filled with 
MRF. As the power of the coil is turned on, a magnetic field is generated, and the MRF 
in the gap between the end-faces of the disc and the stationary housing becomes solid-
like instantaneously. The shear friction between the rotating disc and the solidified MRF 
provides the required braking force to slow down and stop the shaft [47]. Then the vehicle 
can be stopped. 
1.6 Emergency braking control 
Vehicle braking control can normally be classified to two conditions: normal braking 
control and emergency braking control. In most cases, emergency braking control is more 
important. ABS’s play an important role in improving vehicle braking performance 
during emergency braking. Research shows that the friction coefficient between road and 
tyre is related to the wheel slip ratio during emergency braking. When accelerating or 
braking a vehicle equipped with tyres, the observed angular velocity of the tyre does not 
match the expected velocity for pure rolling motion, which means there appears to be 




                                                                 (1-1) 
where 𝑅  is the effective wheel radius,  𝜔𝜔  is the wheel angular velocity and 𝑣  is the 
vehicle velocity. The maximum braking force can be obtained when the wheel slip ratio 
is the optimal slip ratio. Some researchers have treated the optimal slip ratio value as a 
constant value of approximately 0.2 [62]. However, the real optimal slip ratio is different 
under different road conditions [63], according to Erkin et al. [64], Li et al. [65], Ehsan 
et al. [66], and Zhao et al. [67]. Treating the optimal slip ratio as the constant slip ratio 
may reduce braking performance. A general tyre-road characteristic of the longitudinal 




Figure 1-10. Longitudinal coefficient of friction versus wheel slip ratio. 
As shown in Figure 1-10, the optimal slip ratio is different for different road conditions. 
However, the optimal slip ratio is unknown in advance. This means that it is necessary to 




CHAPTER 2 Literature review 
2.1 Introduction 
This chapter reviews some of the key technologies developed for braking systems. An 
overview of braking systems, braking control algorithms, braking torque distribution 
strategies and MRB systems are presented in this chapter. On this basis, the research gaps 
are analysed. Then thesis hypothesis, objectives contributions and outcomes are provided. 
The contents of this chapter are organized as follows. Section 2.2 covers existing research 
on braking systems. Various braking control algorithms for vehicle braking control are 
presented in Section 2.3. In Section 2.4, a number of studies reporting on braking torque 
distribution strategy are reviewed. A review of MRB systems is carried out in Section 2.5. 
Research gaps are analysed in Section 2.6. Section 2.7 covers thesis hypothesis, aim and 
objectives. Thesis contributions and outcomes are presented in Section 2.8. Finally, thesis 
outline is provided in Section 2.9. 
2.2 Braking systems 
Vehicle braking systems have many different forms. The FBS is still the most commonly 
used braking system. The vehicle’s kinetic energy is transformed into heat energy through 
the process of friction between the two surfaces in contact in the brake: the rotor and the 
stator. The conventional FBS usually adopts HBS (as shown in Figure 2-1) [68].  
 
Figure 2-1. Overall structure of HBS [68]. 
As shown in Figure 2-1, an HBS is usually made up of a brake pedal, brake lines, master 
cylinder, discs and callipers. When the driver applies the brake in a vehicle, the high 
pressure brake fluid enters the disc calliper cylinder through the brake lines. This causes 
movement in the calliper cylinder’s piston which in turn causes the movement of the 
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brake pad attached to the piston inside the calliper. This movement of the brake pad 
causes the clamping of the rotating disc rotor.  And due to this frictional contact between 
the brake pads and the rotating disc rotor, conversion of the vehicle’s kinetic energy into 
heat energy takes place, which in turn stops or decelerates the vehicle [68]. As shown in 
Figure 2-1, brake fluid flows through long brake lines during the braking process, which 
affects the speed of the braking reaction. Compared with an HBS, an MBS has fast 
braking response speed (as discussed in Chapter 1). On the other hand, the kinetic energy 
can be converted into electrical energy through regenerative braking. In [69], only the 
motor is used as the drive and brake device. 
 
Figure 2-2. Overall structure of the MBS for a four wheeled vehicle [69]. 
As shown in Figure 2-2, the powertrain architecture includes individually controlled 
switched reluctance on-board electric motors connected to the wheels through the single-
speed gearbox and the half-shaft [69]. The left and right motors are arranged in pairs for 
each axle as depicted in Figure 2-2. The reducer is able to improve the braking torque of 
MBS when the motor works at low speed. Due to the electrical characteristics of the motor, 
the braking torque provided by this MBS is still very small when the vehicle runs at high 
speed. Consequently, this will affect the braking performance of the vehicle. 
In order to compensate for the shortcomings of the insufficient braking torque inherent in 
an MBS, a BBS is usually adopted. In Chapter 1, the braking system is classified into 
different forms according to the forms of the braking actuator. The BBS can also be 
divided into many different forms according to the layout of the brake actuators. Such an 
example is provided in Figure 2-3, a cooperative regenerative braking system (RBS) for 
a front-wheel drive electric passenger vehicle equipped with a BBW system, which was 




Figure 2-3. Overall structure of BBS for a front wheel drive vehicle [70]. 
As shown in Figure 2-3, an electric control unit, the BCU (Brake Control Unit) is applied 
in the regenerative braking system for a front wheel drive vehicle. The BCU 
communicates with the VCU (Vehicle Control Unit) and the MCU (Motor Control Unit) 
via the CAN bus. As the key component of the proposed RBS, the BBW system is adopted 
as the EHB type, which is comprised of a brake pedal simulator, a high-pressure supply 
unit, and a hydraulic pressure modulator. The brake pedal is mechanically decoupled from 
the brake circuits in the downstream by the brake pedal simulator. Thus the BBW concept 
is realized [70]. During the process of braking, the front wheels perform both regenerative 
braking and friction braking, while the rear wheels only perform friction braking. In 
addition to the front wheel BBS, the rear wheel BBS is also adopted by many vehicle 
factories (illustrated in Figure 2-4).  As shown in Figure 2-4, the whole system consists 
of a diesel engine, an automated dry clutch, a PMSM (also called an Electric Machine 
(EM)), a six-speed automated manual transmission (AMT), a pneumatic braking system 
and a power battery. 
 
Figure 2-4. Overall structure of the BBS for a rear wheel drive vehicle [71]. 
During the braking process, the clutch is disengaged and the engine is separated from the 
powertrain. Thus the engine and the clutch have no influence on the braking process. The 
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braking torque of the rear wheel is provided by the EM and the pneumatic braking system. 
The braking torque of the front wheel is provided only by the pneumatic braking system 
[71]. Another form of the BBS has four independent BBSs installed on four wheels 
respectively as shown in Figure 2-5. Compared with the two wheel BBS, the four wheel 
independent braking system has more freedom and is able to achieve more complicated 
braking performance. Figure 2-5 shows a four wheel independent braking system. 
 
Figure 2-5. Overall structure of the BBS for a four wheel braking system [72]. 
As shown in Figure 2-5, each tyre is equipped with an FBS and an MBS. The four wheel 
independent BBS is able to achieve fast response speed and large braking torque. 
However, the braking system is complicated, compared with other kinds of braking 
systems. In [72], the FBS adopts an HBS. In a BBS, the response speed of the FBS also 
has influence on the response speed of the BBS. In order to simplify the structure of the 
braking system, the HBS in this BBS can be replaced by a conventional BBW system 
such as an EHB or an MRB system. Then it becomes a blended BBW system. 
2.3 Various control algorithms   
As discussed in Chapter 1, vehicle braking control is mainly concerned with two 
conditions: normal braking control and emergency braking control. In the following 
sections, the research achievements regarding these two braking conditions are presented.  
2.3.1  Normal braking control  
The purpose of normal braking control is to make the vehicle follow the driver’s braking 
command. There have been many research papers concerning vehicles’ normal braking 
controls [76] [77]. As shown in Figure 2-6, normal braking control can usually be divided 
into two steps. The first step is to obtain the desired deceleration according to the pedal 
travel (𝑑𝑡). Normally, the relationship between the brake pedal displacement and vehicle 
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deceleration is designed as linear. The second step is to make the vehicle follow the 
command deceleration (𝑎𝑑) through a braking control algorithm. Because the normal 
braking design in this thesis is for unmanned driving. The setting of the optimal braking 
trajectory is based on the characteristics of the motor. In order to achieve maximum 
energy recovery, the speed of the motor needs to follow the optimal braking trajectory.  
However, the change of road surface and other external conditions will lead to the motor 
state out of optimal braking trajectory. In order to ensure the speed of the motor working 
in the specified optimal trajectory, a feedback structure of the normal braking controller 
is adopted. 
 
Figure 2-6. Normal braking control framework. 
Compared with the conventional FBS, the blended BBW system has fast response speed 
and is able to achieve braking energy recovery. However, in contrast to the conventional 
FBS, different braking systems are adopted in a blended BBW system. Different braking 
systems present quite different dynamic characteristics. For example, the motor’s brake 
torque responds quickly and accurately. The hydraulic pressure of an HBS can be 
controlled by regulating the solenoid valves through pulse width modulated (PWM) 
signals. Due to the slow response speed of solenoid valves, the HBS has slow dynamics 
and always has a significant delay during a transient response, which seriously affects the 
braking control performance [67]. 
A BBS has three different braking states: friction braking, motor braking and blended 
braking. These three braking states may occur independently or switch between each 
other frequently during one braking procedure [65]. Consequently, the coordinated 
control of a BBS becomes a challenging task. A cooperative control strategy is crucial for 
a BBS, which has been widely investigated in the literature [78~88]. In addition to the 
actuators’ different dynamic characteristics in a BBS, modelling uncertainty, parameter 
variation and unknown external disturbances are all major concerns in the development 
of an advanced controller for vehicle braking control [89]. In establishing and simplifying 
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working models, modelling uncertainties will inevitably arise, which cause difficulties in 
developing high-performance closed-loop controllers. Many nonlinear control methods 
and adaptive control schemes have been proposed for the uncertain and nonlinear systems. 
The most conventional control methods such as Proportional-Integral-Derivative (PID), 
lead-lag and Model Reference Adaptive Control (MRAC), have been applied and tested 
many times. However, it is difficult for the conventional control methods to achieve 
precise control. In [78], an adaptive controller for a high-speed vehicle subject to 
modelling uncertainties was proposed. In [47], a robust integral of the sign of the error 
controller and an adaptive controller were combined to deal with modelling uncertainties. 
In [24], a sliding mode observer-based model reference adaptive controller was proposed 
for precise speed control with modelling uncertainties, friction and load variation. 
Another important factor that causes coordination control difficulties in BBS is that some 
states of BBS cannot be directly measured, such as the output braking torque of the FBS 
in a BBS.  This problem also exists in blended BBW systems. Most previous studies on 
braking control have assumed that braking torques can be calculated according to brake 
pressure and given fixed brake gains. In these cases, the braking control strategy is 
designed based on a simply calculated braking torque. However, the real braking torques 
acting on the vehicle wheel are significantly influenced by many conditions.  Using an 
inaccurate brake torque might cause vehicle instability. In [79], the brake gain is estimated 
recursively using the wheel speed and brake pressure. However, this method cannot 
reflect the difference in the brake gain at the front and rear wheels. In [80], an adaptive 
individual brake torque estimation method based on the characteristics of a front-to-rear 
brake force distribution ratio is presented. This method can reflect the difference in the 
brake gain at the front and rear wheels. The effect of the flexibility of an electric drivetrain 
on blended braking control performance is analysed in [90, 91]. Blended braking control 
algorithms which compensate for the powertrain flexibility have been proposed using an 
extended Kalman filter, where the output braking torque of the FBS is estimated by the 
extended Kalman filter. However, the input time-delay of the braking system was not 
taken into consideration in [90, 91]. 
For a conventional BBW system such as an EMB or EHB, there is a gap between the 
actuator and the brake disc. The gap becomes larger with the wearing of the materials. 
This makes the input time-delay of the conventional BBW system change. The input time-
delay cannot be directly measured. The estimation of the input time-delay of the braking 
35 
 
system is necessary. In addition, the output braking torque of the friction braking torque 
cannot be directly measured in a BBS. There are several research papers concerning the 
input time-delay and state observer design [92, 93]. However, they focus on dealing with 
the disturbance [93] and single-input single-output (SISO) system [94], which is not 
suitable for a BBS.  
2.3.2 Emergency braking control  
In order to obtain the maximum friction coefficient and shorten the braking distance, the 
vehicle wheel slip ratio should work at the optimal slip ratio (as discussed in Chapter 1). 
The maximum road friction coefficient is mostly unknown a priori and is difficult to 
estimate on-line. There are usually two steps for emergency braking control, as shown in 
Figure 2-7. The first step of vehicle emergency braking control is to find the optimal slip 
ratio (𝜆𝑝). The second step is to make the wheel slip ratio track the optimal slip ratio. 
 
Figure 2-7. Emergency braking control framework. 
There have been many research papers concerning the optimal slip ratio seeking and 
control [95~133]. In [99], the one point prediction method and the three-point prediction 
method are compared for predicting the optimal slip ratio of the road. In the one point 
prediction method, a reference value for the slip ratio is selected initially. When the wheel 
slip ratio reaches this value, the deceleration of the vehicle is measured using an 
accelerometer. This deceleration at a particular slip ratio is then related to different 
surfaces. Once the surface is identified by referencing a look-up table, the optimal slip 
ratio for this road condition can be determined. There are some constraints for selecting 
a reference wheel slip ratio. For example, the reference wheel slip ratio should be close 
to the range of the slip ratio for the maximum friction coefficient of all surfaces. This 
ensures that the loss of braking during prediction is minimal irrespective of the road 
surface. However, the reference wheel slip ratio is hard to obtain. To overcome this 
problem, a three point prediction method was proposed. In the three point prediction 
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method, the deceleration at three different predefined slip ratios is measured and these 
values are used to predict the surface characteristics. The prediction can be made for all 
surfaces. The accuracy of the prediction depends upon the values of the three reference 
wheel slip ratios chosen. The simulation results show that the three point method yields 
significantly reduced prediction errors (e.g. 40–0.29% for cobblestone wet and 65.97–
2.4% for cobblestone dry). 
These methods are model-based methods and their accuracy depends on the particular 
tyre-road friction model being used. The real characteristics of tyre-road cannot be 
accurately described and included by one tyre-road friction model. This means that the 
model-based optimal slip ratio seeking method is not suitable for real applications. Rather, 
an extreme seeking algorithm (ESA) is usually used to search for the optimal slip ratio in 
a real application. An ESA [117] has been proposed to obtain the optimal slip ratio. It is 
able to obtain the optimal slip ratio without the necessity of knowing information about 
the road conditions. In [100], a perturbation based optimal slip ratio seeking algorithm is 
proposed. It uses sinusoidal as the excitation signal to obtain a measure of the gradient 
information of 𝜇(𝜆) (friction coefficient - slip ratio). Then the control algorithm makes 
the vehicle wheel slip ratio work very close to the optimal slip ratio. In [103], a sliding 
mode based optimal slip seeking is proposed. However, these conventional ESA methods 
cause the wheel slip ratio to oscillate near the optimal slip ratio. As shown in Figure 2-8, 
the wheel slip ratio will oscillate in the operating region. This makes it difficult for the 
actuator to track the extremum value and the oscillation may shorten the actuator’s life. 
In addition, these seeking algorithms are suitable for seeking the optimal slip ratio when 
the road condition is a single road condition and is not changed. 
 
Figure 2-8. Operating region of the ESA [103]. 
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In addition to seeking for the optimal slip ratio, it is also important to make the wheel slip 
ratio track the optimal slip ratio accurately during emergency braking. In order to achieve 
this objective, many control algorithms have been proposed. The most conventional 
control methods, such as PID control, have been applied. The vehicle dynamics is 
nonlinear. The relationship between the tyre and the road friction coefficient is a nonlinear 
function and there also are many other uncertain and time-varying parameters [106]. This 
means that it is difficult for conventional control methods to achieve effective control 
performance. Because intelligent controllers can identify and adjust model parameters 
online, they have better tracking performance than the conventional control in terms of 
dealing with nonlinear and uncertain factors [107]. Many researchers have proposed 
different intelligent control methods in order to solve these problems. These solutions 
include, for example, sliding mode control (SMC) [107], adaptive control, neural control 
[113] and fuzzy control [65]. Anwar [100] proposed a nonlinear sliding mode type 
controller for slip regulation. Harifi et al. [67] used an SMC along with an integral 
switching surface for chatter reduction. In [75], a nonlinear sliding surface was proposed 
to achieve quick response and avoid overshoot, but the controller design is based on the 
assumption that all the parameters of the system are known. It is well known that the main 
advantage of using the SMC is its effective convergence and strong robustness against 
external disturbances. But this type of controller is designed on the basis of an assumed 
mathematical model, whose imperfections can lead to the lowered performance of the 
controller. Fortunately, an adaptive neural network SMC-based method provides a 
potential way to solve the control problems caused by great uncertainties, strong 
disturbances, and systems with nonlinear dynamics. The adaptive neural network can 
effectively improve the control performance against large system uncertainty by learning 
to approximate arbitrary nonlinear functions, and the adaptation law is derived using the 
Lyapunov method so that the global asymptotic stability of the closed-loop system is 
assured. The adaptive neural network in nonlinear dynamic systems is always 
accompanied by approximation errors, and vehicle dynamics stability control should have 
strong robustness. In [107], a self-learning fuzzy sliding-mode controller (SLF-SMC) is 
used to make the wheel slip ratio track the optimal slip ratio. This does not require an 
accurate vehicle braking system model but the coefficient of the sliding surface is chosen 
as a fixed number. It is hard to achieve a low overshoot and quick response at the same 
time.   
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2.4 Braking torque distribution strategy 
Some researches focus on the vehicle dynamic control by distributing braking torque 
between different wheels [109-161]. Peng and Hu [110] focused on the optimum 
longitudinal tyre force distribution to achieve maximum longitudinal acceleration or 
deceleration of a vehicle. Hattori et al. [111] and Ono et al. [112] proposed vehicle 
dynamics integrated management to control the forces on each tyre. They used feed-
forward control to calculate the desired longitudinal and lateral forces and yaw moment 
of the vehicle. A nonlinear optimum distribution method was used to distribute the target 
force and moment to the longitudinal and lateral forces on each tyre. In [109], an optimal 
torque distribution approach was proposed for EVs equipped with four independent wheel 
motors to improve vehicle handling and stability performance. A novel objective function 
was formulated which works in a multifunctional way by considering the interference 
among different performance indices: forces and moment errors at the centre of gravity 
of the vehicle, actuator control efforts and tyre workload usage. To adapt to different 
driving conditions, a weighting factor tuning scheme was designed to adjust the relative 
weight of each performance in the objective function. 
To achieve BBS cooperative control, the existing studies mainly focus on two aspects: 
braking energy recovery and BBS dynamic control [131]. The principle of blended 
braking control is to recover braking energy as much as possible while keeping the vehicle 
tracking at the desired braking performance. This is achieved by the reasonable allocation 
of torques between different braking systems during the braking process. 
Cooperative control of MBSs and FBSs has attracted wide attention and inspired many 
researchers [111-132]. For the commercialized EVs with BBSs, the braking torque 
distribution is usually designed based on the braking situations. A typical braking process 
is shown in Figure 2-9. When the brake severity 𝑧 is smaller than 𝑧1, the front brake 
torque is primarily provided by regenerative braking. With the increase of brake severity, 
when 𝑧 > 𝑧1, hydraulic brake torque is applied to the front wheels to compensate for the 
shortage of the motor torque, which can be referred to as forward compensation strategy. 
When 𝑧 > 𝑧0 and the ABS is triggered, the brake torque regulation is primarily provided 
by the HBS, and the regulation error is compensated by the motor, which can be referred 




Figure 2-9. A typical brake process [110]. 
During emergency braking, the motor braking torque is removed quickly and most of the 
braking torque is provided by the FBS in this strategy because the FBS is able to provide 
large braking torque [83, 84].  However, this strategy makes the BBS unable to achieve 
braking energy recovery during the emergency braking. In [28], three braking strategies 
are summarized as shown in Figure 2-10. The first strategy is a non-regenerative control 
strategy for a conventional braking system. The second strategy is a parallel brake control 
strategy for a BBS. The parallel brake control strategy takes account of the original front-
rear braking force allocation coefficient, and it aims for harmonious control of the front-
rear wheel braking force and their generative braking force, while assuring sufficient 
braking comfort and brake pedal feel. Nevertheless, the regeneration efficiency is limited, 
because the baseline control strategy is based on account of the original front-rear braking 
force allocation coefficient. The serial control strategy aims for higher regeneration 
efficiency, and the regenerative braking force is always applied to its maximum level on 
the basis of the power limit of the motor and the brake request of the driver, to ensure a 
high regeneration braking energy recovery efficiency. The whole regenerative braking 
force will continually be in line with the demanding brake force. During deceleration, 
since the electric motor regenerative braking torque is added directly to the driven wheels 
without adjusting the original frictional brakes, the regeneration efficiency and brake 




Figure 2-10. Three different control strategies [65]. 
An optimal regenerative braking torque controller was designed in [65] such that the 
braking torque provided by the motor is maximized and cooperates with the hydraulic 
braking torque to maintain the longitudinal wheel slip ratio at a desired value. This 
strategy is the same as the serial control strategy. These studies are usually focused on 
maximizing the energy efficiency during the normal braking conditions, and do not take 
into account the torque-sharing strategies suitable for the ABS operation. In [113], a 
torque allocator was responsible for distributing the torque requested by the ABS among 
two braking devices, taking into consideration the actuator’s limitations, that is, torque 
range, rate limit and nonlinear constraints (e.g. field weakening in the electric motor), and 
performance metrics, such as energy efficiency and braking actuation bandwidth. In 
addition, all these studies are based on the assumption that maximizing regenerative 
braking torque maximizes the energy captured. Although this might result in the recovery 
of some energy, there is potential to lose energy if the braking trajectory is allowed to 
enter the non-regenerative braking regions [125, 126]. When the motor works at the non-
regenerative region, the motor needs to consume a lot of electrical energy to provide the 
desired braking torque, as discussed in Chapter 1. Several other authors have designed 
strategies that apply maximum electrical braking torque for speeds above a certain 
threshold speed and then provide only mechanical friction braking at low speeds [127, 
128, 129]. This design is able to avoid the MBS working at the non-regenerative region 
and improve the braking energy recovery. However, no interpretation is provided to 
explain the choice of the threshold speed. In [130], a cooperative control algorithm for an 
electronic brake and regenerative braking for an automatic transmission-based hybrid 
electric vehicle was proposed to maintain the demanded braking torque and driving 
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comfort during a downshift with regenerative braking. However, it is a qualitative 
analysis. It cannot obtain the optimal braking strategy required for improving braking 
energy recovery.  
In [131], the electrical characteristics of motor braking were analysed. The optimal 
braking trajectory was designed based on the electrical characteristics of a motor. When 
braking following the optimal braking trajectory, the motor can obtain the most energy 
recovery. However, this design is only suitable for a pure MBS. It also does not consider 
the driver’s braking requirements. For a BBS, the braking system becomes more 
complicated.  Not only the braking torque of the MBS, but also the braking torque of the 
FBS should be considered in designing the braking torque distribution strategy. It is 
important not only to improve braking energy recovery, but also to ensure braking 
performance by the coordinated control of the BBS, based on the dynamic characteristic 
of an FBS and the electrical characteristic of an MBS.  
2.5 Magneto-rheological brake  
As discussed in Chapter 1, among the various braking devices, the MRB has attracted 
much of the research attention. In the last decade, there has been a large amount of 
research focusing on the design, control and evaluation of the MRB [45~61]. 
The first MRB prototype was proposed by Li and Du. It is a single disc-type MRB device. 
Its mechanical performance was experimentally evaluated and it has a maximum 
transmitted torque of 1.04 𝑁𝑚 [57]. However, the required braking torque for automotive 
brakes is much greater than1.04 𝑁𝑚.  There have been many research papers concerning 
the optimizing of the structure and layout to improve the braking torque. 
Yaojung Shiao et al. [48] designed a new multipole bilayer MRB as shown in Figure 2-
11. This MRB has a unique structural design with multiple electromagnetic poles and 
multiple media layers of MRF. The MRB has two rotors located on the outer and inner 
sides of a six-pole stator, and therefore, it can provide higher torque, and a larger torque 





Figure 2-11. Configuration of multipole single layer MRB [48]. 
As shown in Figure 2-12, Jie Wu et al. [50] proposed an improved version of the multipole 
MRB.  
 
Figure 2-12. Configuration of the multi-pole and dual-gap MRB [50]. 
As shown in Figure 2-12 (b), six stators (poles) made of magnetic steel create two 
cylindrical gaps within which rotor A and rotor B are placed. Two adjacent stators are 
connected by nonmagnetic materials. The direction of magnetic flux in each pole is 
opposite to that of its two adjacent poles. Figure 2-12 (a) shows that one side of the six 
stators is fixed to the case made of nonmagnetic steel, while the other side is connected 
with a stator cover which is also made of nonmagnetic steel. The rotor A, which is made 
of magnetic steel is fixed to the rotary shaft, and the rotor B which is also made of 
magnetic steel is connected to the rotor A through a rotor ring which is made of 
nonmagnetic steel. The spaces between the rotating rotors (rotor A and rotor B) and the 
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static stator and case are filled with MRF. By such a dual-gap design, the torque output 
of the proposed brake is bigger than that of a single-gap configuration in the same 
geometry [50]. This MRB can produce a maximum braking torque of 133 Nm. The novel 
MRB with multi-pole and dual-gap configuration increases not only the large torque 
output, but also the range of controllable transmission torque, while maintaining a 
compact structure. However, these structures for the MRB are not suitable for vehicle 
braking.  
Considering the space within a vehicle, a disc-type MRB is more suitable for vehicle 
braking. Park et al. [58] were the first to propose an automotive rotary disc braking system. 
These researchers presented a mathematical model of the MRB and established a finite 
element model (FEA) to analyse the magnetic field. Sarkar et al. [53] developed a disc-
type MRB that operates under compression plus shear mode of MRF, increasing the 
maximum torque to nearly 100 Nm. However, the available space for the braking system 
is very limited. In order to increase braking torque, different forms of disc type MRBs 
have been tried, such as the T-type MRB as shown in Figure 2-13. 
 
Figure 2-13. Configuration of T-type MRB [59]. 
As shown in the Figure 2-13, a stationary T-shaped drum made of magnetic steel is fixed 
to a shaft hub made of nonmagnetic steel, and the hub is in turn fastened to the shaft of 
the wheel. The stationary drum is embedded in a rotary housing drum made of magnetic 
steel. The housing drum, on which the wheel is fastened, rotates around the shaft hub. 
Two wire coils are wound at the two ends of the flange of the T-shaped drum. The space 
between the rotary drum and the stationary drum is filled with MRF. When two counter 
currents are applied to the coils, a mutual magnetic circuit is generated as shown in Figure 
2-13. This mutual magnetic circuit results in an induced stress of MRF in the annular gaps 
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(the gap at the inner and outer faces of the T-flange) and the radial gaps (end-face gaps). 
The induced stress generates a controllable braking torque of the MRB [59]. Compared 
with the single disc-type MRB, T-type MRB can provide a large braking torque with a 
compact structure. In order to further improve the braking torque, multiple disc-type 
MRB have been proposed and adopted by many researchers [56]. The common 
configuration of the multiple disc-type MRB is shown in Figure 2-14.  
 
Figure 2-14. Configuration of multiple disc-type MRB [56]. 
As shown in Figure 2-14, the rotating disc is divided into multiple sections by a magnetic 
steel separator functioning as an intermediate stationary magnetic pole (inner pole). Thus 
it is called a multiple disc-type MRB. Compared with previous mentioned MRB, the 
multiple disc-type MRB is able to provide more braking torque with the same space. More 
recently, Park et al. have performed multidisciplinary design optimization of an 
automotive MRB [58]. The designed MRB is able to provide 1010Nm. Karakoc [36] also 
has researched the optimal design of a disc-type MRB for vehicles. In his research work, 
an objective function considering braking torque and mass of the MRB was proposed. In 
order to increase braking torque, a multiple-disc configuration was proposed. However, 
processing a multiple disc-type MRB is difficult.  
In addition to changing the shape and number of rotating discs, there are other ways which 
can potentially improve the braking torque, such as the use of multipath magnetic circuits 
and multi-poles. In [37], Yu et al. proposed a multi-path magnetic circuit MRB (as shown 





(a)                                              (b) 
Figure 2-15. Configuration of multiple multipath magnetic circuit type MRB [37]. 
Figure 2-15 (a) shows a three-dimensional model and Figure 2-15 (b) shows the mounting 
position of the proposed MRB. As shown in Figure 2-15 (a), the red parts of the coils are 
the north poles, and the blue parts are the south poles. Six pairs of coils are uniformly 
distributed on both sides of the MRB to produce a high-intensity magnetic field, and a 
multipath magnetic circuit is used for improving the magnetic field strength and then 
increasing the braking torque. The controllable yield stress causes friction on the rotary 
disc surface, thus generating a braking torque. In this novel design, the poles can be 
quickly changed by altering the magnetic field, and the reaction speed of the MRB is 
improved [168].  
However, the problem of the MRF temperature during vehicle cruising was not taken into 
account in these studies. Unlike other MR devices such as an MR damper, MR mount, 
etc., the MRF in a braking system has a very high shear rate exerted on it continuously 
for a long time. The zero-applied field friction torque and the heat generated by this 
friction cannot be ignored during vehicle cruising. Therefore, even though at a zero 
magnetic field, a potentially high temperature of the MRF in the brake reduce the 
performance of the MRB may develop. In [56], an optimal structure was designed to 
avoid the MRF exceeding the maximum acceptable temperature of the MRB when 
braking. However, the structure was designed and optimized based on not exceeding the 
maximum acceptable temperature. In practical applications, the structural design should 
make the temperature produced by friction at cruise speed far below the maximum 
acceptable temperature, or it will also affect the braking performance. To overcome the 
disadvantage of the shear-mode-based MRB, a new design of MRB with a slotted disc 
was proposed as shown in Figure 2-16 [55]. Because of low off-state viscosity, MRF with 
50 wt % iron particles was selected in [55]. The MRF was chosen to fulfil the conditions 
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of a low particle percentage during the driving time (no brake) and a high particle 
percentage during the braking time (as shown in Figure 2-16 (a) and Figure 2-16 (b)). 
Thus the friction torque is small during vehicle cruising. 
 
(a)        
 
(b)                                                      
Figure 2-16. Sotted disc-type MRB (a) the state of MRB driving time (b) the state of 
MRB braking time [55]. 
To increase the on-state friction torque, a mechanism was developed to compress the 
MRF during braking and to increase the percentage of MR particles (as shown in Figure 
2-16 (b)). This method is able to reduce the temperature to a certain extent but it is limited. 
An ideal MRB should exert a zero frictional torque in the off-state condition and a 
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controllable frictional torque in the on-state condition. In order to achieve this function, 
a new MRB mechanism should be designed. 
2.6 Research Gaps 
In order to generate quick and accurate braking torque, MBS is usually an adopted form 
of BBW [47].  MBS is able to improve a vehicle's fuel economy by recuperating the 
kinetic energy during deceleration processes and achieve the function of regenerative 
braking [48]. Many strategies have been proposed to improve braking energy recovery 
such as the use of downshifts [165] or strategies based on motor characteristics [166]. 
However, these strategies do not take the driver’s braking intentions into account. To the 
best knowledge of this author, there is no braking strategy whose design is based on motor 
characteristics and the driver’s braking intention. 
The limited braking torque provided by MBS usually cannot independently meet the 
requirements of the vehicle braking. Other forms of braking systems (such as MRB or 
EHB) cannot achieve the function of braking energy recovery. To compensate for each 
other’s shortcomings, the blended BBW systems which combine MBS and one form of 
conventional BBW system (such as EHB, EMB or MRB) is adopted as one of the research 
objectives in this thesis. Because different braking systems present quite different 
dynamic characteristics, coordinated control of a blended BBW system is a challenging 
task.  When some states of a braking system cannot be measured directly, the coordinated 
control of a blended BBW system becomes an especially challenging task [167]. For the 
blended BBW system which combines MBS and a conventional BBW system, the input 
time-delay and output braking torque of the conventional BBW system usually cannot be 
directly measured. Because the blended BBW system is an (multiple-input single-output) 
MISO system, the estimation of input time-delay and output braking torque of a 
conventional BBW system becomes more difficult. There is less observer able to 
simultaneously estimate the input time-delay and output braking torque of the 
conventional BBW system in a blended BBW system. 
During emergency braking, there are two important objectives. One is to seek out the 
optimal slip ratio. Another objective is to make the vehicle wheel slip ratio track the 
optimal slip ratio. One particular road condition corresponds to one particular optimal slip 
ratio. There have been many research papers about seeking and tracking the optimal slip 
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ratio for one specific road condition. However, there is less research on optimal slip ratio 
seeking and tracking under variable road conditions. 
In addition to ensuring effective braking performance, braking energy recovery is an 
important indicator for a blended BBW system. Braking energy recovery can be improved 
through adjusting the braking torque distribution ratio between different braking systems. 
Many studies have sought to improve braking energy recovery through adjusting the 
braking torque distribution. However, most of their proposed strategies do not take the 
motor electrical characteristics and the braking actuator’s dynamic into consideration. 
These strategies may recover some braking energy. However, they are not the most 
optimal strategies. 
As a potential brake actuating mechanism, MRB has been studied to replace the 
conventional HBS [23]. There have been many research papers on optimizing the 
structure and layout of an MRB system to improve the braking torque [45~53]. However, 
very few research papers have attempted to solve the problem of MRF heating caused by 
vehicle cruising. The heat generated by zero-field friction torque during vehicle cruising 
may seriously affect the braking capacity of an MRB system [54]. Some attempts have 
been made to reduce the heat by optimizing the structure and layout of an MRB system 
to avoid the MRF exceeding the maximum acceptable temperature, as in [55] and [56]. 
However, MRF heating caused by the vehicle cruising is still very high. An ideal MRB 
system should exert zero frictional torque when the vehicle is cruising (which is also 
known as an off-state condition) and a controllable braking torque when the vehicle is 
braking (known as an on-state condition) [55]. To the best knowledge of this author, the 
existing MRB system research has not yet realized this function.  
2.7 Thesis hypothesis, aim and objectives 
Braking energy recovery of a pure MBS still has room for improvement. Braking energy 
recovery is related to the motor characteristics and the driver’s braking intention. A 
braking strategy that combines the driver’s braking intention and the motor characteristics 
may be able to improve braking energy recovery without violating the driver’s braking 
intention. In this thesis, I aim to design a new braking strategy for improving braking 
energy recovery.  
The estimation of the input time-delay and the output braking torque of a conventional 
BBW system in a blended BBW system is important for the coordinated control of the 
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blended BBW. These factors relate to the stability of the braking control system. To 
improve the braking performance of the blended BBW system, I aim to design a new 
observer. The objective of the new observer is to simultaneously estimate input time-
delay and output braking torque of the conventional BBW system within the blended 
BBW system. 
The optimal slip ratio seeking and tracking are important for vehicle emergency braking 
control, especially when the road surface conditions change. In this thesis, I aim to design 
a new seeking and tracking algorithm. The objective of the new seeking and tracking 
algorithm is to achieve the optimal slip ratio seeking and tracking under changing road 
surface conditions. 
Braking energy recovery is an important indicator for a blended BBW system. It can 
effectively extend the vehicle’s travel. Braking energy recovery can be improved by 
adjusting the braking torque distribution. The extent of recovered braking energy 
currently made possible by existing braking torque distribution strategies is limited. In 
order to improve the braking energy recovery without affecting the braking performance, 
I aim to design a new braking torque distribution strategy. This strategy should be able to 
recover braking energy as much as possible, without affecting the braking performance.  
The problem of MRB heat being generated by friction during vehicle cruising exists in 
the conventional MRB systems. It can seriously affect the braking performance of the 
MRB system. In order to solve this problem, I aim to design a new MRB system. Such a 
system should be able to achieve the functions of zero frictional torque in off-state 
conditions, and a controllable torque in on-state conditions.  
2.8 Thesis contributions and outcomes 
The work carried out in the thesis is quite innovative and has resulted in a number of 
original contributions. In this thesis, I focus on the study of the BBW system. Different 
vehicles adopt different types of BBW systems. Thus different types of BBW systems are 
investigated in this thesis. To simplify structures and reduce the costs involved, a pure 
MBS is adopted for low speed and light EVs. In order to ensure braking performance, the 
blended BBW system is a type of BBW system usually adopted by heavy vehicles or high 
speed vehicles. To improve vehicle braking energy recovery and braking performance, I 
have designed some control algorithms for these different types of BBW system and have 
also developed a new MRB system. 
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For a pure MBS, a new braking control strategy was designed in this thesis. In this 
strategy, different braking intentions are achieved by adjusting the weight of the model 
predictive control (MPC) cost function. It is able to recover more braking energy without 
violating the driver's braking intention. Simulation results show that this newly designed 
braking control strategy is able to recover more braking energy than the conventional 
braking control strategy. 
For a blended BBW system, there are more issues that need to be resolved, such as 
coordinated control between different braking systems, braking torque distribution 
between different braking systems and improving braking performance.  
In order to achieve coordinated control between different braking systems, the states of 
the actuators should be known.  A new observer is designed in this thesis. The designed 
observer is able to simultaneously estimate the input time-delay and the output braking 
torque of the conventional BBW system within the blended BBW system. This is 
important for the coordinated control of the blended BBW system. 
The braking performance under emergency braking condition especially needs to be 
improved. However, emergency braking control under different road surfaces is a more 
challenging issue. In this thesis, a new extremum seeking and tracking control algorithm 
is designed.  It is based on the conventional extremum seeking algorithm (ESA). The 
conventional ESA is mainly used for seeking the optimal slip ratio when the road 
conditions do not change. The designed modified extreme seeking algorithm is able to 
avoid the otherwise large oscillation involved and automatically search for the optimal 
slip ratio even if road conditions change. 
In addition to braking performance, braking energy recovery is also an important indicator 
for a blended BBW system. In order to improve braking energy recovery, a new braking 
torque distribution strategy is designed in this thesis. Different from other braking torque 
distribution strategies, the new designed braking torque distribution strategy is designed 
based on the command braking torque signal, the braking actuators’ dynamic 
characteristics and the motor’s electrical characteristics. It is able to maximize the braking 
energy recovery while keeping track of the braking command. 
In addition to the improvement of the control algorithm, the improvement of the actuator 
can directly improve vehicle braking performance. In this thesis, a novel MRB system is 
designed. It can replace the conventional BBW system in the blended BBW system. The 
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novel MRB system combines an electromagnetic clutch, a two-way controllable 
overrunning clutch and the conventional structure of an MRB system. It is able to achieve 
the function of zero frictional torque in off-state conditions and a controllable torque in 
on-state conditions. It is also able to avoid MRF heating problems during vehicle cruising. 
The outcomes produced in the thesis are disseminated through in a significant number of 
publications in top tier journal and conferences as listed below:  
1) Wenfei Li, Haiping Du, Weihua Li, Driver intention based coordinate control of 
regenerative and plugging braking for electric vehicles with in-wheel BLDCs, IET 
Intelligent Transport Systems, Vol 12, (10), pp. 1300-1311, 2018. 
2) Wenfei Li, Haiping Du, Weihua Li, A modified extreme seeking based adaptive fuzzy 
sliding mode control scheme for vehicle anti-lock braking, International Journal of 
Vehicle Autonomous Systems , 25 Apr 2018, accepted for publication.  
3) Wenfei Li, Haiping Du, Weihua Li,  A New Torque Distribution Strategy for Blended 
Anti-Lock Braking Systems of Electric Vehicles Based on Road Conditions and Driver's 
Intentions, SAE International Journal of Passenger Cars: Mechanical Systems, vol. 9, (1) 
pp. 107-115, 2016.  
4) Wenfei Li, Haiping Du, Weihua Li, Four-wheel electric braking system configuration 
with new braking torque distribution strategy for improved energy recovery efficiency, 
IEEE Transactions on Intelligent Transportation Systems, accepted for publication.  
5) Wenfei Li, Haiping Du, Weihua Li, A new braking strategy based on motor 
characteristics and vehicle dynamics for unmanned electric vehicles, International Journal 
of Powertrains, provisionally accepted for publication. 
6) Wenfei Li, Haiping Du, Weihua Li, An observer based control for blended braking 
system with actuator delay, Computers and Electrical Engineering, under review.  
7) Wenfei Li, Haiping Du, Weihua Li, A new braking torque distribution strategy based 
on braking actuators’ characteristics and command signal for blended braking system, 
Vehicle System Dynamics, under review. 
8) Wenfei Li, Haiping Du, Huan Zhang, Donghong Ning, Shuaishuai Sun, Weihua Li, 
Yafei Wang, Design and testing of a novel two way overrunning clutch based magneto-
rheological brake, Smart Materials and Structures, under review. 
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9) Wenfei Li, Haiping Du, Weihua Li, Hierarchical based model predictive control for 
automatic vehicles brake, 2017 IEEE International Conference on Mechatronics (ICM), 
13-15 Feb. 2017, Churchill, Australia. DOI: 10.1109/ICMECH.2017.7921152, 466-471.  
10) Wenfei Li, Haiping Du, Weihua Li, Torque distribution of Blended Braking Systems 
for Electric Vehicles on the Downhill Road Considering Energy Recovery and Comfort, 
accepted for publication by EVTeC and APE Japan 2016, May 25 to 27, Pacifico 
Yokohama Annex Hall, Yokohama, Japan, at 30 Jan 2016.  
11) Wenfei Li, Haiping Du, Weihua Li, A new torque distribution strategy for blended 
anti-lock braking systems of electric vehicles based on road conditions and driver's 
intentions, SAE 2016 World Congress and Exhibition, USA. 
12) Wenfei Li, Haiping Du, Weihua Li, A blended regenerative and plugging braking for 
electric vehicle in emergency stopping, 2017 International Conference on Advanced 
Vehicle Powertrains, China. 
13) Wenfei Li, Haiping Du, Weihua Li, New braking torque distribution strategy for 
improving energy recovery efficiency of Four In-Wheel Motors electric vehicles, The 
Third Australasian Conference on Computational Mechanics, 2018. 
2.9 Thesis outline 
The research conducted in this thesis is structured in 8 chapters:  
Chapter 2 provides a review of the literature related to the research and the background 
information supporting the concepts developed in the thesis. Initially the existing 
structures of the MRB system are described. This is followed by a review of the key 
technologies developed for the BBS and its related control algorithm, the ABS control 
algorithm and braking torque distribution strategies. 
In Chapter 3, a new braking strategy is proposed based on the driver's braking intention 
and motor working characteristics. Model predictive control (MPC) is used to express the 
driver's braking intention. Compared with the conventional braking strategy (wherein the 
relationship between brake pedal position and vehicle deceleration is usually designed as 
linear), the proposed braking control strategy is not only able to achieve driver braking 
intention but also able to achieve more braking energy recovery.  
In Chapter 4, a new observer is designed for the MISO system. Firstly, the proposed 
observer is designed to simultaneously estimate the input time-delay and output braking 
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torque of the conventional BBW system within the blended BBW systems. Then a new 
control algorithm which combines the proposed observer and the Smith Predictor (SP) is 
proposed, which will effectively improve the blended BBW systems’ braking stability 
and response speed. Following that, the performance of the proposed observer and control 
algorithms are validated through computer simulation.  
In Chapter 5, a new extremum seeking and tracking algorithm is proposed for variable 
road conditions during emergency braking. More specifically, a conventional ESA is 
carried out first. This is followed by presenting a modified sliding mode extreme seeking 
based adaptive fuzzy sliding mode control scheme (MSMES-AFSMC). The performance 
of these proposed algorithms is validated through computer simulation.  
In Chapter 6, to improve the braking energy recovery without affecting the braking 
performance, a new braking torque distribution strategy which adjusts the braking torque 
distribution ratio according to the command braking torque signal, braking actuators’ 
dynamic characteristics and the motor’s electrical characteristics, is proposed. More 
specifically, a braking torque distribution strategy based on the braking strength and equal 
braking torque distribution strategy is proposed first. Then three braking torque 
distribution strategies are presented for comparing the braking energy recovery of the 
blended BBW system during normal braking and emergency braking. The performance 
of the proposed braking torque distribution strategies are compared with the other two 
control groups through computer simulation. The effectiveness of the proposed strategy 
is assessed.  
Chapter 7 introduces the designed novel MRB system and the test platform. This is 
followed by the design concept of the novel MRB and the test platform. More specifically, 
the design and the specification of the hardware and software components are outlined. 
The performance and the dynamic modelling of the novel MRB system are validated and 
identified. 
Finally, a summary of the research conducted in the thesis and the results obtained are 
reviewed and some conclusions are drawn in Chapter 8. The potential future research 






CHAPTER 3 Motor braking control for EVs with in-wheel 
PMSMs and comparison of brake performance between 
BBS and pure MBS 
3.1 Introduction 
Pure MBS or pure electric braking system (as shown in Figure 1-6) has the advantages of 
simple structure, low maintenance, braking energy recovery and high controllability. To 
sufficiently utilize the regenerative braking of EVs and explore the potential of the electric 
motor plug braking capability to simplify the braking system structure and reduce the cost, 
pure electric braking system (or pure MBS) is considered as a research objective in this 
chapter. For improving the braking energy recovery, a new braking strategy based on the 
driver's braking intention and motor characteristics is proposed in this chapter. In Section 
3.2, the electric characteristics of motor and the dynamics model of vehicle braking are 
introduced. It includes the vehicle braking dynamics model under normal braking 
condition and emergency braking condition. In Section 3.3, the whole control diagram is 
introduced. It includes extended disturbance observer, constraints based MPC braking 
strategy for normal braking condition and SMC for emergency braking. In Section 3.4, 
the simulation results for the observer test and braking strategy for the normal braking 
condition are presented. Different braking strategies’ braking energy recovery 
efficiencies are also compared with in Section 3.4. In Section 3.5, the braking 
performances of BBS and pure electric braking system are compared under different 
conditions in case of emergency braking. Finally, conclusions are given in Section 3.6. 
3.2 System model 
3.2.1 Electric characteristics of PMSMs 
Because PMSMs have the characteristics of high power density and high efficiency, 
PMSMs are usually selected to drive the vehicle wheel as an in-wheel motor [24]. The 




Figure 3-1. Sketch of the independent electric braking system. 
As shown in Figure 3-1, the braking system includes PMSM, converter, power source, 
reducer and wheel. As discussed in Chapter 1, the converter is used to transfer DC voltage 
to AC voltage and drive PMSM. The DC-side of the power inverter is connected to a DC 
power source with bus capacitance. The reducer is used to extend the braking torque of 
MBS.  
In order to achieve more braking energy recovery, the dynamic characteristics of motor 
should be analyzed. The dynamic equation of the PMSM model in terms of phase 














































]                                      (3-2) 
where 𝑣𝑎 , 𝑣𝑏 , 𝑣𝑐- are the instantaneous three-phase stator voltages. 
𝑅𝑠 - is the armature resistance. 
𝑖𝑎, 𝑖𝑏 , 𝑖𝑐 - are the instantaneous three-phase stator currents. 
𝜓𝑎 , 𝜓𝑏 , 𝜓𝑐 - are the instantaneous three-phase flux linkages. 
𝐿𝑎𝑎 , 𝐿𝑏𝑏 , 𝐿𝑐𝑐 - self-inductance of stator windings. 
𝐿𝑎𝑏 , 𝐿𝑎𝑐 , 𝐿𝑐𝑏 - mutual inductance. 
𝜓𝑎𝑚, 𝜓𝑏𝑚, 𝜓𝑐𝑚 - are the instantaneous three-phase PM flux linkages. 
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For the motor controller design, the PMSM model is usually transferred to 𝑑 − 𝑞 
reference frame through Park’s transformation [10]. Through the Park’s transformation, 
the steady-state physics of the electric machine are indicated by the equivalent d-axis and 





Figure 3-2. Steady-state equivalent circuit models in the d and q axes of PMSMs. 
Electrical model of PMSMs in the 𝑑 − 𝑞 reference frame can be expressed as in equations 
(3-4) and (3-5) [10]: 
{
𝑣𝑑 = 𝑅𝑠𝑖𝑑 − 𝑃𝑛𝜔𝐿𝑞𝑖𝑞
𝑣𝑞 = 𝑅𝑠𝑖𝑞 + 𝑃𝑛𝜔(𝐿𝑑𝑖𝑑 + 𝜓𝑓)
                                            (3-4) 
𝑇𝑒 = 𝑃𝑛𝑖𝑞(𝑖𝑑(𝐿𝑑 − 𝐿𝑞) + 𝜓𝑓)                                           (3-5) 
where 𝑣𝑑, 𝑣𝑞 are d and q-axis terminal voltages; 𝑖𝑑, 𝑖𝑞 are d and q-axis armature currents; 
𝐿𝑑 , 𝐿𝑞  are d and q-axis inductances; 𝜔 is electrical angular velocity; 𝜓𝑓  is permanent 
magnet flux linkage; 𝑃𝑛 is number of pole pairs; 𝑇𝑒 is motor torque. For the non-salient 
outer rotor PMSMs, 𝐿𝑑 = 𝐿𝑞, then equation (3-5) can be rewritten as: 
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𝑇𝑒 = 𝑃𝑛𝑖𝑞𝜓𝑓                                                        (3-6) 
The control input to the system is a duty cycle vector with coordinates 𝑢𝑑 and 𝑢𝑞, and the 
effect of the power converter on the EM is to impose a voltage vector with coordinates 
satisfying:  
𝑣𝑑 = 𝑢𝑑𝑣𝑠,  𝑣𝑞 = 𝑢𝑞𝑣𝑠                                                 (3-7) 
where 𝑣𝑠 is the bus voltage. Assuming that the power inverter is lossless, it follows that 
source power 𝑣𝑠𝑖𝑠 must match electric machine power 𝑣𝑑𝑖𝑑 + 𝑣𝑞𝑖𝑞 (as shown in Figure 
3-2 (b)), in which case  
𝑖𝑠 = 𝑢𝑑𝑖𝑑 + 𝑢𝑞𝑖𝑞                                                      (3-8) 
These operational limits are characterized by the constant parameters 𝑈𝑚𝑎𝑥 and 𝐼𝑚𝑎𝑥.  
‖𝑢𝑑𝑞‖ = √𝑢𝑑
2 + 𝑢𝑞2 ≤ 𝑈𝑚𝑎𝑥                                         (3-9) 
‖𝑖𝑑𝑞‖ = √𝑖𝑑
2 + 𝑖𝑞2 ≤ 𝐼𝑚𝑎𝑥                                          (3-10) 
where 𝑈𝑚𝑎𝑥 and 𝐼𝑚𝑎𝑥 are fixed parameters. Table 3-1 lists the parameter values for the 
electric machine system considered in this chapter. The torque-speed capability of the 
EM system for forward rotation in its braking capability region and its regenerative 
braking capability region are determined by solving the following optimization problems. 
N1) for feasible 𝜔 ≥ 0,  
minimize 𝑇𝑒 
Subject to (3-4)-(3-10), 𝑇𝑒 ≤ 0 
‖𝑢𝑑𝑞‖ ≤ 𝑈𝑚𝑎𝑥 , ‖𝑖𝑑𝑞‖ ≤ 𝐼𝑚𝑎𝑥 
N2) for feasible 𝜔 ≥ 0,  
minimize 𝑇𝑒 
Subject to (3-4)-(3-10), 𝑇𝑒 ≤ 0, 𝑖𝑠 ≤ 0 
‖𝑢𝑑𝑞‖ ≤ 𝑈𝑚𝑎𝑥 , ‖𝑖𝑑𝑞‖ ≤ 𝐼𝑚𝑎𝑥 




subject to (3-4)-(3-10), 𝑇𝑒 ≤ 0, 𝑖𝑠 ≤ 0 
‖𝑢𝑑𝑞‖ ≤ 𝑈𝑚𝑎𝑥 , ‖𝑖𝑑𝑞‖ ≤ 𝐼𝑚𝑎𝑥 
N1 defines the boundary of forward braking capability. N2 defines the boundary of 
forward regenerative braking capability. N3 defines the regenerative braking torque that 
corresponds to maximize battery-pack recharge current. As shown in Figure 3-1, the 
source power is presented as 𝑣𝑠𝑖𝑠, where 𝑣𝑠 is the bus voltage and is a positive value, 𝑖𝑠 
is the bus current. When  𝑖𝑠 is positive, it means that the electric power is transferred from 
power system to PMSM. When 𝑖𝑠  is negative, it means that the electric power is 
transferred from PMSM to power system and the PMSM works at regenerative braking 
mode. When the motor takes the maximum braking torque, the 𝑖𝑠 could be positive (motor 
works at plugging braking mode) or negative (motor works at regenerative braking mode). 
In order to find the maximum braking torque the motor can provide at the corresponding 
speed, 𝑖𝑠 should not be limited. So the information of the current direction is not given in 
N1. When the current is negative, it means that motor works at regenerative braking mode. 
It means that the electric power is transferred from PMSM to power system. The smaller 
the value of 𝑖𝑠 (𝑖𝑠 ≤ 0), the greater the absolute value of the current |𝑖𝑠|. When 𝑖𝑠 ≤ 0 
(regenerative braking mode), |𝑖𝑠|  is the recharge current. So the recharge current is 
maximized when minimizing the current 𝑖𝑠. The two motor braking states are shown in 
Figure 1-2, where the electric power is transferred from kinetic energy to the electric 
energy stored in batteries during the process of regenerative braking, and the electric 
power is transferred from the batteries to kinetic energy during the process of plug braking. 
The numerically computed solutions to these optimization problems are shown in Figure 
3-3. From this Figure 3-3, it can be seen that there are three separate regions. The plug 
braking is between the torque axis and the solution to N2.  
 




As shown in Figure 3-1, a reducer is adopted. Thus the relationship between 𝜔 and 𝜔𝜔 is 
𝜔 = 𝑖𝑔𝜔𝜔  and the relationship between 𝑇𝑏  and 𝑇𝑒  is 𝑇𝑏 = 𝑖𝑔𝑇𝑒 . 𝑖𝑔  is gear ratio and is 
listed in Table 3-1. The following design calculations will focus on the wheel. The 
calculated braking torque can be transferred to motor command signal based on the 
relationship between 𝑇𝑏 and 𝑇𝑒. 
3.2.2 Vehicle braking dynamics model 
When the vehicle is at different braking conditions, the tire-road force model is different 
(as discussed in Chapter 1). During normal braking, the friction between the tire and the 
road can be retreated as rolling friction. During emergency braking, the tire-road 
coefficient of friction is mainly related with wheel slip ratio. Thus it is necessary to take 
different vehicle dynamic models under different braking conditions.  
At the emergency braking condition, a quarter-vehicle braking model [25], which is 
simple but effective (see Figure 3-4), is used and only the longitudinal force is considered 
in this chapter. The vehicle braking dynamic model during the emergency braking 
condition is shown in the Figure 3-4: 
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 (a) 
        
(b) 
Figure 3-4. Quarter vehicle dynamic model (a) emergency braking condition (b) normal 
braking condition. 
In the case of emergency braking, the tire-road force is much greater than air resistance. 
The air resistance can be ignored at the emergency braking condition. The vehicle wheel 
rotation speed is mainly affected by three factors: braking torque, vehicle gravity, tire-
road friction. At emergency braking condition, the dynamics of the vehicle and wheel 
models can be expressed as: 
J?̇?𝜔 = −𝑇𝑏 + 𝑅𝐹𝑥                                                        (3-11) 
m?̇? = −𝐹𝑥                                                                (3-12) 
 𝐹𝑥 = 𝜇(𝜆)𝑚𝑔                                                              (3-13) 
𝑇𝑡 = 𝑅𝐹𝑥                                                                   (3-14) 




                                                                  (3-16) 
where R is the effective wheel radius, J is the moment of inertia of the wheel, 𝑇𝑏 is the 
braking torque, 𝐹𝑥 is the longitudinal tire force, 𝑚 is the mass of the quarter vehicle, 𝑣 is 
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the longitudinal velocity of the vehicle, 𝜔𝜔 is the angular velocity of the wheel, 𝜔𝑣 is the 
angular velocity of the vehicle. 𝜇(𝜆) is the longitudinal friction coefficient of the tire, 𝜆 
is the wheel slip ratio. 𝑇𝑡 is the torque provided by ground friction. In this thesis, the tire 
model used is based on the tire friction model developed by Burckhardt and Reimpell 
(1993). It is shown below [30]: 
μ(λ) = 𝐶1(1 − 𝑒
−𝑐2𝜆) − 𝐶3𝜆                                            (3-17) 
where 𝐶1, 𝐶2 and 𝐶3 are constants for different road conditions. 𝐶1 is the maximum value 
of the friction curve, 𝐶2 represents the shape of the friction curve and 𝐶3 is the difference 
between the peak value of the friction curve and the value when the slip ratio is 1. From 
this equation, it can be seen that tire-road friction coefficient is a function of wheel slip 
ratio.  
In the case of normal braking, the vehicle speed is mainly affected: ground braking 
friction force and aerodynamic drag (as shown in Figure 3-4 (b)). At normal braking 








2                                              (3-18) 
where Cd is the aerodynamic drag coefficient. 𝐴 is the frontal area. 𝜌 is the air density. 
At the right side of this equation, the first term is the motor braking torque acting on the 
vehicle, the second term is the air resistance (𝐹𝑑𝑟𝑎𝑔). For controller design, equation (3-
18) can be rewritten as follows: 
?̇? = 𝑏𝑢 + 𝑓                                                        (3-19) 
where 𝑏 = −
1 
𝑚𝑅




2. And 𝑓 can be seen as the disturbance of 
this system. The control method will be introduced in the following part.  
3.3 Control design 
The whole braking control diagram is shown in Figure 3-5. First, the braking intention is 
identified based on the brake pedal displacement and speed of brake pedal. Then braking 
strategy is chosen. In the case of emergency braking, sliding mode based optimal slip 
ratio control is used to achieve the best vehicle braking performance. In the case of normal 
braking condition, MPC with constraints is used to achieve driver’s braking intention. 
Then corresponding command braking torque is sent to vector controller. The vector 
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controller is used to control three-phase inverter and make PMSM achieve the command 
braking torque. The details will be shown in following parts. 
 
Figure 3-5. Whole control diagram. 
3.3.1 Braking strategy design 
Because the braking objectives are different under different braking conditions, different 
braking control strategies are designed. The proposed braking control strategy is shown 




Figure 3-6. Braking control strategy. 
As shown in Figure 3-6, the braking conditions are classified as emergency braking and 
normal braking based on the speed of brake pedal (𝑣𝑡) and the brake pedal displacement 
(𝑑𝑡). According to reference [162], when the change rate of brake pedal is bigger than 
120 rad/𝑠2 or the brake pedal displacement is bigger than 90% of the maximum brake 
pedal displacement, the braking action is regarded as emergency braking. Otherwise, the 
braking action is regarded as normal braking. 
In the case of emergency braking, the shortest braking distance is the brake target.  As 
discussed in Chapter 1, the vehicle can obtain the maximum braking force and the shortest 
braking distance when the wheel slip ratio is at optimal slip ratio. So the emergency 
braking control target is to make wheel slip ratio follow the optimal slip ratio. SMC has 
faster and better tracking performance than other tracking control algorithm. In order to 
make wheel slip ratio fast and accurate track the optimal slip ratio and obtain the shortest 
braking distance, sliding mode based optimal slip ratio control is adopted.  
In the case of normal braking, the conventional braking strategy is to make vehicle 
deceleration follow driver’s braking intention. And the relationship between brake pedal 
position and vehicle deceleration is usually designed as linear. However, this braking 
strategy does not take motor characteristics and braking energy recovery into account. 
Because driver does not know the details of the motor characteristics, the driver cannot 
make the optimal braking strategy for improving braking energy recovery based on motor 
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characteristics. The proposed constraints based MPC braking control strategy is designed 
based on the motor characteristics and driver’s braking intention. In the case of normal 
braking, the driver usually has two intentions. One is to make vehicle stop and another 
one is to reduce the vehicle speed to a certain speed. The driver usually puts the brake 
pedal on a certain displacement (𝑑𝑡). When the braking intention is reached, brake pedal 
returns to its original position (𝑑𝑡 = 0).  
According to the solutions of N3 (as shown in Figure 3-3), the maximum regenerative 
braking torque (𝑇𝑟𝑚𝑎𝑥) can be obtained based on the motor angular velocity (𝜔ω). It is 
used as constraints for the MPC. Then the command braking torque is calculated through 
the constraints based MPC. This braking torque is used to reduce vehicle speed. In this 
braking strategy, the vehicle can avoid PMSM work at plug mode and recover braking 
energy as much as possible. If the brake pedal position has no change, the braking torque 
will follow the braking command from the constraints based MPC. When the driver feels 
the vehicle deceleration cannot satisfy his/her braking intention, the driver will further 
step on the brake pedal. Then the braking torque will follow the braking command from 
the brake pedal displacement based deceleration brake strategy. If the brake pedal 
displacement is larger than 90% of the maximum displacement, it means that the driver 
wants to make the vehicle stop as soon as possible. Then the braking situation switches 
to emergency braking. The braking control strategy details will be introduced in the 
following parts.  
The heat generated by plug braking affects the permanent magnets. However, the plug 
braking is only a small part of the whole braking process (as shown in Figure 3-3). The 
proposed braking control strategy (constraints based MPC) is designed to avoid motor 
working at plugging braking. It is able to effectively reduce the heat generated by 
plugging braking. Then the heat generated by plugging braking can be ignored. 
3.3.2 Extended disturbance observer 
In order to eliminate uncertain disturbance and for the further MPC design, the extended 
observer is used to estimate the disturbance which is caused by tire-road friction and other 
factor as shown in equation (3-19). In the case of normal braking, vehicle wheel is rolling 
and tires are not slipping. The vehicle speed can be obtained through wheel encoder. The 
equation (3-19) can be rewritten as: 
ẋ = bu + f                                                         (3-20) 
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where 𝑥 is the vehicle speed 𝑣. To estimate the disturbance f, an extended observer is 
designed as: 
?̇̂? = 𝑏𝑢 + ?̂? +
𝛼1 (𝑥 − ?̂?)                                            (3-21a) 
?̇̂? =
𝛼2
2 (𝑥 − ?̂?)                                                          (3-21b) 
where ?̂? is the estimated value of 𝑥. ?̂? is the estimated value of 𝑓.  
1
= {100 𝑡
3 0 ≤ 𝑡 ≤ 1
100      𝑡 > 1
                                                      (3-22) 
where 𝛼1, 𝛼2  are positive real numbers. And  𝑠
2 + 𝛼1𝑠 + 𝛼2  satisfy the condition of 
Hurwitz. The convergence proof procedure of the designed extended observer 
( lim
𝑡→∞
?̂? = 𝑥, lim
𝑡→∞
?̂? = 𝑓) is shown as follows:  
First, make  




        η2 = 𝑓 − ?̂? 
then equation (3-23) can be written as: 
η̇1 = ?̇? − ?̇̂? = η2 − 𝛼1η1                                           (3-24a) 
η̇2 = 𝑓̇ − 𝛼2η1                                                        (3-24b) 
They can be rewritten as state-space function: 










|𝜆𝐼 − ?̅?| = [
𝜆 + 𝛼1 −1
𝛼2 𝜆
] = 0                                      (3-26) 
then 
 𝜆2 + 𝛼1𝜆 + 𝛼2 = 0                                                 (3-27) 
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Through choosing 𝛼1, 𝛼2 make ?̅? satisfy Hurwitz. Then there exists a symmetric positive 
definite matrix P satisfying Lyapunov: 
?̅?𝑇𝑃 + 𝑃?̅? + 𝑄 = 0                                                 (3-28) 
where 𝑄 is an arbitrary symmetric positive definite matrix. 
Lyapunov function is defined as: 
𝑉0 = 𝜂
𝑇𝑃𝜂                                                       (3-29) 
then 
?̇?0 ≤ −𝜂
𝑇𝑄𝜂 + 2 ‖𝑃?̅?‖‖𝜂‖|?̇?|                                    (3-30) 
?̇?0 ≤ −𝜆𝑚𝑖𝑛(𝑄)‖𝜂‖
2 + 2 ‖𝑃?̅?‖‖𝜂‖|?̇?|                         (3-31) 





                                                     (3-32) 
when equation (3-32) is satisfied, lim
𝑡→∞
?̂? = 𝑥, lim
𝑡→∞
?̂? = 𝑓 and the disturbance is estimated. 
After the disturbance is estimated, the estimated disturbance is used as compensation item 
added to the braking torque controller. 
3.3.3 Normal braking control strategy 
In this chapter, constraints based MPC is used to build the relationship between driver’s 
brake intentions and braking torque. For controller design, equation (3-19) can be 
rewritten as discrete function as follows: 
𝑣(𝑘 + 1) = 𝑣(𝑘) + 𝑎𝑓(𝑘)𝑇𝑠                                              (3-33) 
𝑎𝑓(𝑘) = 𝑏𝑢(𝑘) + 𝑓(𝑘)                                                   (3-34) 
where 𝑏 = −
1 
𝑚𝑅
, 𝑢 = 𝑢𝑚𝑝𝑐 −
?̂?
𝑏




2 ,  𝑇𝑠  is the sampling time, 𝑢  is the 
predictive control and ?̂?  is the estimated disturbance through extended disturbance 
observer. When the estimated item 
?̂?
𝑏
 is added to the controller, the disturbance 𝑓  is 
approximately compensated, then equation (3-33) can be rewritten as:  
𝑣(𝑘 + 1) = 𝑣(𝑘) + 𝑇𝑠𝑏𝑢𝑚𝑝𝑐                                           (3-35) 
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By choosing state vector 𝑥𝑚(𝑘) = 𝑣(𝑘), input vector 𝑢𝑚𝑝𝑐(𝑘), output vector ym(k) =
v(k), then the state-space model is given by: 
𝑥𝑚(𝑘 + 1) = 𝐴𝑚𝑥𝑚(𝑘) + 𝐵𝑚𝑢𝑚𝑝𝑐(𝑘)                             (3-36) 
𝑦𝑚(𝑘) = 𝐶𝑚𝑥𝑚(𝑘)                                                       (3-37) 
where 𝐴𝑚 = 1;  𝐵𝑚 = 𝑇𝑠𝑏; 𝐶𝑚 = 1. 
Then the predictive state-space can be seen (3-38).  
𝑥𝑚(𝑘 + 1|𝑘) = 𝐴𝑚𝑥𝑚(𝑘) + 𝐵𝑚𝑢𝑚𝑝𝑐(𝑘)                                           (3-38a) 
𝑥𝑚(𝑘 + 2|𝑘) = 𝐴𝑚𝑥𝑚(𝑘 + 1|𝑘) + 𝐵𝑚𝑢𝑚𝑝𝑐(𝑘 + 1) = 𝐴𝑚
2 𝑥𝑚(𝑘) + 𝐴𝑚𝐵𝑚𝑢𝑚𝑝𝑐(𝑘) +
𝐵𝑚𝑢𝑚𝑝𝑐(𝑘 + 1)       (3-38b) 
𝑥𝑚(𝑘 + 3|𝑘) = 𝐴𝑚
3 𝑥𝑚(𝑘) + 𝐴𝑚
2 𝐵𝑚𝑢𝑚𝑝𝑐(𝑘) + 𝐴𝑚𝐵𝑚𝑢𝑚𝑝𝑐(𝑘 + 1) + 𝐵𝑚𝑢𝑚𝑝𝑐(𝑘 +
2)            (3-38c) 
⋮ 
𝑥𝑚(𝑘 + 𝑁𝑝|𝑘) = 𝐴𝑚
𝑁𝑝𝑥𝑚(𝑘) + 𝐴𝑚
𝑁𝑝−1𝐵𝑚𝑢𝑚𝑝𝑐(𝑘) + 𝐴𝑚
𝑁𝑝−𝑁𝑐𝐵𝑚𝑢𝑚𝑝𝑐(𝑘 + 𝑁𝑐 − 1)            
(3-38n) 
where 𝑁𝑝 is the prediction horizon; 𝑁𝑐  is the control horizon; Then the output can be 
written as (3-39). 
𝑌 = F𝑥𝑚(𝑘) + 𝜙U                                                      (3-39) 
where 
𝑌 = [𝑦𝑚(𝑘 + 1|𝑘)
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The optimal control vector over the future horizon can be obtained by minimizing the 
following cost function: 
J = (𝑅𝑣 − 𝑌)
𝑇(𝑅𝑣 − 𝑌) + 𝑈?̅?𝑈                                       (3-40) 
where 𝑅𝑣 is the reference vehicle speed or desired vehicle speed. If there is clear speed 
requirement, such as cruise or the vehicle drives at speed limit section, it can be set up as 
the desired speed; 𝑌  is the measured vehicle speed; 𝑈 is the braking torque; ?̅?  is the 




= 0                                                          (3-41) 
U can be calculated as: 
U = (𝜙𝑇𝜙 + ?̅?)−1𝜙𝑇(𝑅𝑣 − F𝑥𝑚(𝑘))                              (3-42) 
In this research, the receding horizon control is adopted and only the first element of the 
calculated vector U is used as the control signal.  
In this thesis, ?̅?  is designed to be related with the brake pedal displacement. The 
relationship between the weight of braking torque ?̅? and the brake pedal displacement 𝑑𝑡 
is designed as: 
?̅? = 𝐶𝑓cot (𝑑𝑡𝑝𝑖/2)                                             (3-43) 
where 𝐶𝑓  is a coefficient, which is designed based on the value of 𝜙
𝑇𝜙 . 𝑑𝑡  is at 
0%~100%,where  0% means that there is no brake action and 100% means that the 
brake pedal displacement is the maximum displacement. According to the characteristics 
of the cotangent function, it can be seen that when the brake pedal displacement (𝑑𝑡) is 
big, ?̅? will be small. It means that the main optimization target is the vehicle speed. In 
this situation, the braking torque is big and the vehicle deceleration is big. When the brake 
pedal displacement is small, ?̅? will be big. It means that the main optimization target is 
braking torque. In this situation, the braking torque is small and the vehicle deceleration 
is small. For example, when 𝑑𝑡 = 0%, ?̅? is a big value and 𝑈 is close to 0, vehicle speed 
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keeps at a certain speed in this situation. When 𝑑𝑡 = 100%, ?̅? is 0 and 𝑈 = 𝑈𝑚𝑎𝑥, the 
vehicle speed will be reduced as quick as possible. These relationships match with the 
driver's natural driving habits.  
In the design of MPC, 𝑈𝑚𝑎𝑥 is limited by many factors. In this thesis, the solution of N2 
is taken as constraint for 𝑈 . Based on this design, it makes vehicle motor work at 
regenerative braking mode at the whole braking process.  
Braking is usually divided into normal braking and emergency braking. In order to avoid 
making passengers feel uncomfortable, the braking deceleration is usually set to less than 
5 m/𝑠2 at the normal braking [162].  Brake deceleration setting is independent of road 
surface conditions. No matter in case of high road adhesion or in case of low road 
adhesion, the brake deceleration setting is same. When brake deceleration setting 
conflicts with the road surface condition, the braking control strategy follows the strategy 
shown in Figure 3-6.  Then the input of the system should satisfy following condition: 
𝑎𝑓 ≤ 5𝑚/𝑠
2                                                         (3-44) 




                                                         (3-45) 
And then the constraint for MPC design is summarized as: 
𝑈𝑚𝑎𝑥 ≤ min (𝑇𝑟𝑚𝑎𝑥, 𝑇𝑑𝑚𝑎𝑥)                                        (3-46) 
Based on the cost function (3-40) and constraint (3-46), 𝑈  can be calculated from 
constraints based MPC. The control input from equation (3-42) is saturated at the limit 
equation (3-46). The calculated braking torque is transferred to 𝑖𝑞  through (3-6). And 
through park’s transformation, the desired phase current 𝑖𝑎
∗ , 𝑖𝑏
∗ , 𝑖𝑐
∗ can be obtained. Then 
vector controller drive the inverter and make PMSM produce the desired braking torque.  
Furthermore, when driver feels the deceleration cannot satisfy her/his requirement, the 
driver will further step on the brake pedal. In this situation, the brake pedal displacement 
based deceleration braking strategy will be considered. In this case, the relationship 
between the brake pedal displacement and vehicle deceleration is designed as linear. 
According to [162], the braking deceleration should be less than 5 m/𝑠2 .Brake 
deceleration setting is independent of road surface conditions. No matter in case of high 
road adhesion or in case of low road adhesion, the brake deceleration setting is same. 
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When brake deceleration setting conflicts with the road surface condition, the braking 
control strategy follows the strategy shown in Figure 3-6.the relationship between the 
brake pedal displacement and vehicle deceleration is designed as: 
𝑎𝑓 = 5𝑑𝑡                                                        (3-47) 
As shown in equation (3-47), the desired braking deceleration is 5 m/𝑠2 when the 𝑑𝑡 is 
100%. It is able to meet the requirement of linear relationship and will not make the 
passengers feel uncomfortable.  




                                                       (3-48) 
Similarly, the braking torque is transferred to the drive signal of inverter through vector 
controller.  
3.3.4 Emergency braking control strategy 
In the case of emergency braking, driver will make the brake pedal displacement more 
than 90% of the maximum brake pedal displacement or the change rate of the brake pedal 
is faster than 120 rad/𝑠2[162]. When the vehicle takes emergency braking, the tire-road 
friction coefficient is mainly related with wheel slip ratio as described in Chapter 1. When 
the wheel slip ratio is at the optimal slip ratio, the tire-road friction coefficient is the 
maximum friction coefficient. There have been many papers study on optimal slip ratio 
[116]. In this thesis, the optimal slip ratio seeking also has been studied in Chapter 5. In 
this chapter, it is assumed that the optimal slip ratio is known and 0.2 is treated as the 
optimal slip ratio (𝜆𝑑) at the wet cobble road. Then SMC is used to make the wheel slip 
ratio track the optimal slip ratio. The sliding surface is selected as:  
 𝑆 = 𝑒                                                              (3-49) 
where 𝑒 is the difference between the real wheel slip ratio 𝜆 and the optimal slip ratio 𝜆𝑑: 
𝑒 = ?̃? = 𝜆 − 𝜆𝑑. Based on (3-11)-(3-16), the ?̇? can be derived as follows: 









                                     (3-50) 
There have been many papers study on the vehicle speed estimation [67]. In this thesis, it 
is assumed that the vehicle velocity 𝑣 and the acceleration ?̇? can be obtained through 
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sensor measurement or other estimation algorithm. Then the command braking torque 




(𝜆 − 𝜆𝑑) −
𝐽𝜔𝜔
𝑣
?̇? − 𝑚𝑅?̇?                                  (3-51) 




𝑆2                                                          (3-52) 
Then  
V̇ = 𝑆?̇? = −𝑐?̃?2 ≤ 0                                              (3-53) 
Thus the system is stable and lim
𝑡⟶∞
?̃? = 0 lim
𝑡⟶∞
𝜆 = 𝜆𝑑. The wheel slip ratio will approach 
the optimal slip ratio, and the wheel can obtain the maximum braking force. The vehicle 
can obtain the shortest brake distance.  
3.4 Simulations 
In order to verify the effectiveness of the proposed braking strategy, the proposed braking 
strategy is tested by the simulations. The system parameters are listed in Table 3-1 and 
the parameters of the tire-road model are listed in Table 3-2. The maximum braking 
torque of motor is the solution of N1. Through the gear, the maximum braking torque of 
motor is expanded by 10 times at the corresponding speed. 
Table 3-1. System parameters. 
Symbol Property Value Units 
𝜓𝑓 Permanent magnet flux linkage 0.192 Wb 
𝑃𝑛 Number of pole pairs 4 - 
𝑅𝑠 Armature resistance 0.4 Ω 
𝑚 Vehicle mass 1460 kg 
𝑅 Wheel radius 0.3 m 
𝐽 Quarter-vehicle moment of inertia 36 𝑘𝑔 ∗ 𝑚2 
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𝐾𝑝 Proportional gain 5 - 
𝑖𝑔 Gear ratio 10 - 
𝐾𝑖 Integral gain 1 - 
A Front area 2.2 𝑚2 
ρ Air density 1.29 𝑘𝑔/𝑚3 
𝐶𝑓 Constant value 15 - 
𝑐 Constant value 5 - 
𝐶𝑑 Aerodynamic drag coefficient 0.28 - 
𝑣𝑠 DC bus voltage 500 V 
𝜏ℎ1 Solenoid dead time 0.02 s 
𝜏ℎ2 Hydraulic circuitry time delay 0.06 s 
𝐼𝑚𝑎𝑥 Current vector limit 300 A 
𝑈𝑚𝑎𝑥 Duty cycle vector limit 0.5 - 
𝐿𝑑/𝑞 d 𝑞⁄  axis inductance 0.58 mh 
𝑇𝑚ℎ𝑏𝑠 Maximum braking torque of HBS 1000 Nm 
 
Table 3-2. Parameters of the tire-road model for various surfaces. 
Surface condition C1 C2 C3 
Cobble wet 0.4004 33.708 0.1204 
In the first case, extended disturbance observer is tested. The initial vehicle is set as 
30m/s. and the braking torque is set as 10 Nm. In this test, the real force is the vehicle 




Figure 3-7. Extended disturbance observer test. 
As shown in Figure 3-7, the estimated force can well track the real force. It proves that 
the extended disturbance observer is able to well estimate the disturbance (real force). 
In the second case, the proposed constraints based MPC method is tested. In this test, 
different brake pedal displacements are tested. The brake pedal displacements are 40%, 
60% and 80% of the maximum brake pedal displacement. The initial speed of vehicle is 
30 m/s. This test is used to prove that the proposed MPC method is able to build the 
relationship between driver’s brake intention and braking torque. The simulation results 
are shown in Figure 3-8. From Figure 3-8, it can be seen that the vehicle deceleration can 
be adjusted through adjusting the weight of MPC’s cost function (3-42). As shown in 
Figure 3-8, the deceleration is fast when the brake pedal displacement is large. When the 
brake pedal displacement is small, the deceleration is slow. It meets the usual driving 
habits. These simulation results prove that proposed constraints based MPC method is 
able to properly build the relationship between driver’s intention and braking torque.  
 
Figure 3-8. Constant pedal displacements relationship with the vehicle speed. 
In order to further prove the effectiveness of the proposed constraints based MPC method, 
another simulation is tested. In this test, the brake pedal displacement is a constant number 
(80% of the maximum brake pedal displacement) in the first 5s, then the brake pedal 
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displacement starts to reduce. After 8s, the brake pedal displacement is 0. The whole 
brake process is shown in Figure 3-9. The red dotted line is used to simulate the driver’s 
brake behaviour. It means that driver wants to make vehicle speed to slow down in the 
first 5s. When the vehicle speed is close to the desired speed, the driver starts to make 
brake pedal back to 0 displacement. Then the vehicle keeps running at the desired speed. 
The simulation results are shown in Figure 3-9, where blue solid line is the vehicle speed. 
From the simulation results, it can be seen that vehicle can follow driver’s brake intentions 
under the proposed method. The vehicle speed decelerates at the first 5s. After 5s, the 
vehicle deceleration becomes smaller with the brake pedal displacement reduced. When 
the brake pedal displacement is 0, the vehicle is able to keep running at a constant speed 
which is the desired speed. These simulation results show that the proposed constraints 
based MPC is able to express driver’s braking intentions and conforms to the driver's 
driving habits. 
 
Figure 3-9. Change pedal displacements relationship with the vehicle speed. 
In the third case, the braking energy recovery is compared between different braking 
conditions at the normal braking situation. The initial speed of vehicle is 20m/s. In this 
test, three situations are tested. Situation 1: the proposed constraints based MPC braking 
strategy is used. In this situation, brake pedal displacement is 50% of the maximum 
displacement at first 13s. Then driver takes further action and makes brake pedal 
displacement to 60%  of the maximum displacement. According to the proposed 
constraints based MPC braking strategy, the vehicle deceleration should be 3 m/s2 . 
Situation 2: the proposed constraints based MPC braking strategy is used. In this situation, 
brake pedal displacement is 50% of the maximum displacement, and the driver does not 
take any further action. The vehicle braking follows the proposed constraints based MPC 
braking strategy in the whole brake process. Situation 3: the conventional braking strategy 
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is used. In this test, the vehicle brake deceleration is designed as 1 m/s2. The simulations 
results are shown in Figure 3-10 (a) and Figure 3-10 (b). Figure 3-10 (a) shows the braking 
energy recovery under different braking strategies and Figure 3-10 (b) shows the brake 
distance under different brake strategies. Table 3-3 lists the summary of simulation results. 
 
Figure 3-10 (a). Energy recovery under different braking strategies in the case of the 
normal braking. 
 
Figure 3-11 (b). Braking distance under different braking strategies in the case of the 
normal braking. 
Table 3-3. Summary of test results in the case of normal braking condition. 
 Situation 1 Situation 2 Situation 3 
Energy recovery (J) 4.78 ∗ 105 8.396 ∗ 105 2.361 ∗ 105 
Brake distance (m) 200.2 290.6 199.9 
From Figure 3-10 (a), it can be seen that Situation 1 is same to Situation 2 at the first 13s. 
However, the braking energy recovery is different after 13s. The energy recovery is 
reduced after 13s in Situation 1. It is because the driver takes further brake action after 
13s in Situation 1. It makes the vehicle deceleration with 3 m/s2 and makes motor work 
at the plugging braking. In Situation 2, the proposed constraints based MPC makes motor 
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works at the regenerative mode in the whole brake process. So the braking energy 
recovery is always increasing.  
In order to make motor work at the regenerative mode, the proposed constraints based 
MPC method makes vehicle deceleration small. So the brake distance is the longest in 
Situation 2. Brake distance under Situation 1 is almost same to the brake distance under 
Situation 3. It is because the vehicle deceleration is 3 m/s2 after 13s in Situation 1. It is 
greater than the vehicle deceleration in Situation 3. It makes up the speed difference 
caused by the small deceleration at the first 13s. 
The Situation 1 has almost the same braking distance with the Situation 3 (braking 
distance of Situation 1 is 200.2m and braking distance of Situation 3 is 199.9m as shown 
in Table 3-3). However, the Situation 1 recovers more energy than Situation 3 (as shown 
in Table 3-3). It proves that the proposed braking control strategy is able to recover more 
braking energy than conventional braking control strategy with the same braking 
conditions (same initial braking speed, same terminal braking speed and same braking 
distance). The target of this proposed braking control strategy is to improve braking 
energy. It can be seen from Table 3-3 that Situation 2 recovers more energy than Situation 
1 and Situation 3. The proposed braking control strategy is to recover more braking 
energy. As a price, the braking distance of Situation 2 is longer than the braking distance 
of Situation 1 and the braking distance of Situation 3. 
3.5 Comparison of brake performance between BBS and pure MBS 
In the case of emergency braking, the braking goal is also to make wheel slip ratio track 
the optimal slip ratio. It takes the sliding mode based optimal slip ratio control. For 
comparison, a conventional BBS is used. It combines the MBS and EHB. The EHB is 






                                                     (3-54) 
where 𝜏ℎ1 is the dead time of the solenoid; 𝜏ℎ2 is the hydraulic circuitry time delay; 𝑇ℎ𝑏𝑠
∗  
is the command braking torque; 𝑇ℎ𝑏𝑠 is the output braking torque of EHB. The braking 
torque of MBS is designed as the difference between 𝑇ℎ𝑏𝑠
∗  and 𝑇ℎ𝑏𝑠 . In the real 
applications, the torque produced by EHB is hard to be measured. Many algorithms have 
been proposed to estimate the braking torque produced by mechanical brake [31]. In this 
chapter, the BBS is designed for comparison, thus it is assumed that the braking torque 
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produced by EHB 𝑇ℎ𝑏𝑠 can be obtained. The command braking torque is also obtained by 
SMC (equation (3-51)). 
In the first test, the initial vehicle velocity is 20 m/s and the optimal slip ratio is 0.2. Pure 
electric braking system and BBS are tested to make vehicle stop in the case of emergency 
braking. The simulation results are shown in Figure 3-11 (a), Figure 3-11 (b). And 
simulation results are listed in Table 3-4 and Table 3-5.  
 
Figure 3-12 (a). Slip ratio when the initial braking speed of vehicle is 20 m/s. 
 
Figure 3-13(b). Braking energy recovery when the initial braking speed of vehicle is 20 
m/s. 
From Figure 3-11 (a), it can be seen that both the pure electric braking and BBS are able 
to make wheel slip ratio follow the optimal slip ratio. However, the response speed of 
BBS is faster than the pure electric braking. This is because the maximum braking torque 
that BBS can provide is bigger than the maximum braking torque that pure electric 
braking can provide. So the braking distance of BBS is shorter than the braking distance 
of pure electric braking. This can be seen from Table 3-4. However, the braking energy 
recovery of pure electric braking is far greater than the braking energy recovery of BBS. 
This can be seen from Figure 3-11 (b) and Table 3-5. 
In the second test, the initial vehicle velocity is 25 m/s and the optimal slip ratio is 0.2. 
In the third test, the initial vehicle velocity is 33.33 m/s and the optimal slip ratio is also 
0.2. Pure electric braking system and BBS are tested to make vehicle stop in the case of 
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emergency braking. The simulation results are shown in Figure 3-12 and Figure 3-13.  
Simulation results are listed in Table 3-4 and Table 3-5. 
From Figure 3-12 (a) and Figure 3-13 (a), it can be seen that both the pure electric braking 
and BBS are able to make wheel slip ratio follow the optimal slip ratio. Compared to 
Figure 3-11 (a), the optimal slip ratio tracking performance of Figure 3-12 (a) is slower. 
Compared to Figure 3-12 (a), the optimal slip ratio tracking performance of Figure 3-13 
(a) is slower. Because the maximum braking torque that pure electric braking can provide 
becomes smaller when the initial speed of vehicle is faster (it can be seen from the Figure 
3-3), it makes the optimal slip ratio tracking speed slow. The braking energy recovery of 
pure electric braking is far greater than the braking energy recovery of BBS in these tests. 
It can be seen from Figure 3-11 (b), Figure 3-12 (b), Figure 3-13 (b) and Table 3-5. 
 
Figure 3-14 (a). Slip ratio when the initial braking speed of vehicle is 25 m/s. 
 





Figure 3-16 (a). Slip ratio when the initial braking speed of vehicle is 33.33 m/s. 
 
Figure 3-17(b). Braking energy recovery when the initial braking speed of vehicle is 
33.33 m/s. 
Table 3-4. Summary of test results about braking distance in the case of emergency 
braking. 
Brake distance(m) BBS Pure electric brake system 
Initial speed 20m/s 54.74 54.92 
Initial speed 25m/s 85.59 86.24 
Initial speed 33.33 m/s 152.8 154.5 
 
Table 3-5. Summary of test results about braking energy recovery in the case of 
emergency braking. 
energy recovery (J) BBS Pure electric brake system 
Initial speed 20m/s 1.141 ∗ 104 1.124 ∗ 105 
Initial speed 25m/s 1.523 ∗ 104 2.5 ∗ 105 
Initial speed 33.33 m/s 1.948 ∗ 104 3.236 ∗ 105 
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From Table 3-4 and Table 3-5, it can be seen that the pure electric braking is able to 
recover far more braking energy than BBS. As a price, the braking performance of pure 
MBS is less than the braking performance of BBS. 
3.6 Conclusion 
In this chapter, the braking characteristics of motor is analysed. The maximum 
regenerative braking torque of PMSMs is used as constraints for MPC design and the 
relationship between driver’s braking intentions and braking torque is built based on the 
constraints based MPC. The simulation results show that the proposed constraints based 
MPC braking strategy is able to follow the driver's braking intention while recovering 
more braking energy than the conventional braking strategy. Although the proposed 
braking strategy is able to make pure electric braking system (or pure MBS) recover more 
energy than BBS, the pure electric braking system has less braking performance than BBS. 




CHAPTER 4 Observer based control for blended BBW with 
actuator delay 
4.1 Introduction 
Compared with pure MBS, BBS is able to provide large braking torque. It is suitable for 
high speed and heavy vehicles. In order to achieve braking energy recovery, MBS is 
adopted in the BBS. In addition to MBS, a conventional BBW system can also be adopted 
in BBS for further improving the braking performance of vehicle braking. Thus the BBS 
which combines MBS and a conventional BBW system becomes a blended BBW system. 
The conventional BBW system such as EHB or EMB usually has input time-delay. The 
output braking torque and input time-delay of the conventional BBW system cannot be 
directly measured in the blended BBW systems. In this chapter, an observer based control 
for blended BBW systems is proposed. The modelling of blended BBW systems is carried 
out in Section 4.2. In Section 4.3, an observer is designed for simultaneously estimating 
input time-delay and output braking torque of the conventional BBW system in the 
blended BBW systems. The simulation is provided for proving the effectiveness of the 
proposed observer. In addition, a three-layer controller for the blended BBW systems 
control is proposed during the vehicle normal braking and the designed controller is 
verified via simulation studies in Section 4.4. Finally, Section 4.5 draws some conclusions. 
4.2 Blended BBW system modelling 
As discussed in Chapter 1, the braking operation can be classified into two conditions: 
emergency braking conditions and normal braking conditions. In this chapter, the normal 
braking condition is studied.  The emergency braking control will be analysed in Chapter 
6. In this chapter, the independently controlled braking system of each wheel is treated as 
the research objective. Then a quarter-vehicle model is adopted. The quarter-vehicle 
dynamic model under the normal braking condition is same to the model used in Chapter 
3 (as shown in Figure 3-4 (b)). The description about vehicle dynamics model will not be 
repeated here. 
In the case of normal braking, there is no slip. It means that the wheel speed can be 
obtained by the following equation: 
𝑣 = 𝑟𝑒𝑓𝑓𝜔𝜔                                                              (4-1) 
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where 𝑣 is the vehicle speed. 𝜔𝜔 is wheel speed. 𝑟𝑒𝑓𝑓 is effective radius of wheel (it is 
same as 𝑅 in Figure 3-4 (b)). During the normal braking, it is assumed that the tire-road 
friction is proportional to the braking torque in the case of normal braking [75]. It can be 
expressed as: 
𝑇𝑏 = 𝐹𝜔𝑟𝑒𝑓𝑓                                                          (4-2) 
where 𝑇𝑏 is the total braking torque acting on the wheel.  
 
Figure 4-1. Quarter-vehicle blended BBW model. 
As shown in Figure 4-1, the total braking torque is provided by MBS and the conventional 
BBW system. It can be expressed as: 
𝑇𝑏 = 𝑇𝑓 + 𝑇𝑚                                                        (4-3) 
where 𝑇𝑓 is the output braking torque of the conventional BBW system. 𝑇𝑚 is the output 
braking torque of MBS.  
As shown in Figure 4-1, the blended BBW adopts MBS and conventional BBW system. 
The MBS’ braking torque can be modelled as a first-order reaction with a small time const 




                                                        (4-4) 
where 𝑇𝑚  is the output braking torque of MBS and 𝑇𝑚,𝑐𝑜𝑚𝑑  is the command braking 
torque of MBS. 𝜏𝑚 is usually a known constant value and related to motor characteristics. 
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It can be obtained from the manufacturer or be tested. There is a dead zone between the 
command braking torque and real braking torque acting on the wheel for the conventional 
BBW system [97]. So the braking torque response usually is approximated by a first-




𝑒−𝑡𝛿𝑠                                                 (4-5) 
where 𝑇𝑓,𝑐𝑜𝑚𝑑 is the command braking torque of conventional BBW system. 𝑇𝑓 is the 
output braking torque of conventional BBW. 𝜏𝑓  is the dominant time constant of 
conventional BBW.  𝑡𝛿  is the input time-delay of conventional BBW. The relevant 
parameters are listed in Table 4-1. 
4.3 Observer design for conventional BBW system in blended BBW systems 
4.3.1 Observer design 
Because some states in this system cannot be measured directly. Thus an observer is 
needed. Because the unmeasurable state and the unmeasurable coefficient coexist 
simultaneously in the system, the tradition observer (such as Kalman Filters) is hard to 
be built. Then a new type of observer is needed. Because the time constant of MBS 𝜏𝑚is 
usually an invariant constant and can be obtained from the technical manual or measured 
in advance, the output braking torque of MBS can be easily calculated or measured in 
blended BBW systems. However, the input time-delay of the conventional BBW system 
𝑡𝛿 is influenced by many factors. It may change and is hard to be measured or known in 
advance. Thus, the conventional BBW system’s output braking torque is hard to be 
measured and cannot be calculated directly. In this chapter, a new observer is designed to 
estimate the output braking torque and input time-delay of the conventional BBW system.  
For the blended BBW systems observer design in the case of the normal braking, the 
vehicle dynamics model with the actuators should be rewritten as state equations. 
According to equations (4-3), (3-18), (4-4) and (4-5), the vehicle dynamic model with the 
actuators can be rewritten as the following state equations: 
?̇? = 𝐴4𝑋 + 𝐵4𝑈                                                         (4-6) 
𝑌 = 𝐶4𝑋(𝑡)                                                        (4-7) 
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; 𝐶4 = [1 0 0];  Because there is no slip 
during the normal braking, the vehicle speed 𝑥1 can be directly measured through sensor 
and is adopted as the output. Then 𝐶4 is designed as 𝐶4 = [1 0 0]; The inputs are the 
command braking torque of actuators: 𝑈 = [
𝑢1
𝑢2(𝑡 − 𝑡𝛿(𝑡))
], where 𝑢1 = 𝑇𝑚,𝑐𝑜𝑚𝑑; 𝑢2 =
𝑇𝑓,𝑐𝑜𝑚𝑑; The time-delay 𝑡𝛿(𝑡) is unknown and can be time-varying. Assuming that it is 
modelled as a continuous and differentiable function that satisfies 𝑡𝛿(𝑡)𝜖[0 𝛿̅];  ?̇?𝛿(𝑡) =
𝜓(𝑡) . And |𝜓(𝑡)| ≤ 𝐻    𝛿̅   and 𝐻  are the bounds. The Taylor’s theorem is used to 
separate the time delay from the system [93]. Assume that the input 𝑢2 is differentiable. 
Then  𝑢2 can be written as: 
𝑢2(𝑡 − 𝑡𝛿(𝑡)) = 𝑢2(𝑡) − 𝑡𝛿(𝑡)?̇?2(𝑡) + Υ(𝑡 − 𝑡𝛿(𝑡))               (4-8) 
where Υ(𝑡 − 𝑡𝛿(𝑡))  is called the remainder. From equation (4-8), the first order 
approximation of 𝑢2(𝑡 − 𝑡𝛿(𝑡)) can be approached by: 
𝑢2(𝑡 − 𝑡𝛿(𝑡)) ≈ 𝑢2(𝑡) − 𝑡𝛿(𝑡)?̇?2(𝑡)                                 (4-9) 
It could be more accurate when 𝑢2(𝑡 − 𝑡𝛿(𝑡)) is approximated by higher order. However, 
from a practical point of view, it has been arbitrarily decided to stop at order one as a 
tradeoff between problems induced by numerical differentiation and approximation 
precision. The objective is to design an observer which is able to estimate the input time-
delay and output braking torque of the conventional BBW system simultaneously. So the 
state equation (4-6) should be reconstructed. According to equation (4-9), the input 𝑈 can 

















]     (4-10) 
where 𝑈1(𝑡) = [
𝑢1(𝑡)
𝑢2(𝑡)
]. In order to estimate the input time-delay, the input time-delay 
should be included in the states. Denoting the extended vector 𝑋1 = [𝑥
𝑇 𝑡𝛿]
𝑇 , an 
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extended system with perturbation is obtained. Then extended system state equation can 
be rewritten in the following form: 
?̇?1 = ?̅?𝑋1 + ?̅?𝑈1(𝑡) + Γ                                                  (4-11) 
y = C̅𝑋1                                                               (4-12) 
where ?̅? = [𝐴4 −𝐵
0 0
] ; ?̅? = [
𝐵4
𝟎











] ; It 
can be seen from (4-11) that the extended system is input time-delay free. The error of 
approximation Υ is going to be considered as a perturbation in the design of the observer 
as well as the dynamics of the delay 𝑡𝛿. The model uncertainty and noise can be included 
in Γ. In order to achieve input time-delay and output braking torque estimation, the 
following assumption should be made: the perturbation Γ  does not modify the 
observability of equation (4-11). From equation (4-11), it can be seen that the system is 
observable if and only if 
?̇?2(𝑡) ≠ 0                                                             (4-13) 
This is a logical condition because if the input is constant, the input time-delay has no 
influence on the system so it cannot be observed. However, this condition can be relaxed 
using the notion of persistence defined in [93]. Roughly speaking, it allows ?̇?2(𝑡) to be 
cancelled at some time instants without deteriorating the estimation. Although the input 
time-delay will change with the use of braking system, the input time-delay can be 
regarded as invariable constant in one braking process. During the initial braking stage, 
the pedal travel changes over time. It makes the command braking torque change with 
time. It means that  ?̇?2(𝑡) ≠ 0 during the initial stage of braking. When the input time-
delay 𝑡𝛿(𝑡) is estimated, the estimation is finished. The estimated 𝑡𝛿(𝑡) can be used as 
the input time-delay of this time braking process and also can be transferred to the 
conventional BBW system controller (it will be introduced in the next section) or used in 
the emergency braking control. The observer is designed as: 
?̇̂?1 = ?̅??̂?1 + ?̅?𝑈1(𝑡) − 𝑆3
−1𝐶̅𝑇𝐶̅(?̂?1 − 𝑋1)                                (4-14) 
where ?̂?1 is the estimated state. Matrix 𝑆3 is the solution of 
?̇?3 = −𝜌𝑆3 − ?̅?
𝑇𝑆3 − 𝑆3?̅? + 𝐶̅
𝑇𝐶̅; 𝑆3(0) > 0                            (4-15) 
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where 𝜌 is a positive constant.  There exists a real 𝜌0 such that for any symmetric positive 
definite matrix 𝑆3(0), for all 𝜌 ≥ 𝜌0, there exist ?̅? ≥ 0, ?̅? ≥ 0, 𝑡0 > 0 such that for all 
𝑡 > 𝑡0: 
 ?̅?𝐼𝑛+1 ≤ 𝑆3(𝑡) ≤ ?̅?𝐼𝑛+1                                                    (4-16) 
The Lyapunov candidate function is designed as: 
𝑉3(𝑒) = 𝑒3
𝑇𝑆3𝑒3                                                       (4-17) 
where 𝑒3 = ?̂?1 − 𝑋1, then the derivative of 𝑒3 can be written as: 
?̇?3 = ?̇̂?1 − ?̇?1 = ?̅??̂?1 + ?̅?𝑈1(𝑡) − 𝑆3
−1𝐶̅𝑇𝐶̅(?̂?1 − 𝑋1) − ?̇?1                   (4-18) 
According to the assumption that the perturbation Γ does not modify the observability of 
equation (4-11), then equation (4-11) can be rewritten as follows: 
 ?̇?1 = ?̅?𝑋1 + ?̅?𝑈1(𝑡)                                                         (4-19) 
Submitting equation (4-19) to (4-18), then ?̇?3 can be obtained as follows: 
?̇?3 = ?̇̂?1 − ?̇?1 = ?̅??̂?1 − ?̅?𝑋1 − 𝑆3
−1𝐶̅𝑇𝐶̅(?̂?1 − 𝑋1) = (?̅? − 𝑆3
−1𝐶̅𝑇𝐶̅)?̇?3             (4-20) 
Then, by using (4-15) and (4-20), the time derivative of 𝑉3(𝑒3)  can be written as: 
?̇?3(𝑒3) = 𝑒3
𝑇(−𝐶̅𝑇𝐶̅ − 𝜌𝑆3)𝑒3 = −𝜌𝑒3
𝑇𝑆3𝑒3 − 𝑒3
𝑇𝐶̅𝑇𝐶̅𝑒3                    (4-21) 
Since 𝑒3
𝑇𝐶̅𝑇𝐶̅𝑒3 ≥ 0, then 
?̇?3(𝑒3) ≤ −𝜌?̅?‖𝑒3‖
2                                                 (4-22) 




‖ ≤ 2?̅?‖𝑒3‖                                                      (4-23) 
Equations (4-16), (4-22) and (4-23) hold globally. According to Lemma 9.4 from [93], 
there exist positive scalars 𝑘, 𝑡0, 𝑟, 𝜃 such that for all  𝑡 ≥ 𝑡0 the following inequality 
holds: 
‖𝑒3‖ ≤ 𝑘‖𝑒3(𝑡0)‖ exp(−𝜃(𝑡 − 𝑡0)) + 𝑟                                 (4-24) 
Equation (4-24) proves that the estimated states can converge to a ball of radius 𝑟. The 
size of 𝑟 is tightly related to the size of the perturbation [93]. Because the perturbation is 
very small, then ?̂?1 ≈ 𝑋1. Then the input time-delay and output braking torque of the 
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conventional BBW system can be estimated. These parameters can be used in the 
conventional BBW system control. 
4.3.2 Simulation results 
To the best knowledge of the author, there is less research about the input time-delay and 
output braking torque of the conventional BBW system (the braking system can be EHB, 
EMB or the novel MRB designed in Chapter 7) observer simultaneously in blended BBW 
systems. So the designed MISO observer which used to estimate the input time-delay and 
output braking torque of the conventional BBW system in blended BBW system will be 
tested during the normal braking process.  Related parameters of the braking control 
system is shown in Table 4-1. 
Table 4-1. System parameters. 
Symbol Property Value 
𝑚 mass of quarter-vehicle 365 𝑘𝑔 
𝑟𝑒𝑓𝑓 the wheel radius 0.3 𝑚 
𝜏𝑚 time constant of motor 0.01 
𝜏𝑓 time constant of BBW system 0.4 
𝐶1 positive constant 5 
𝐶2 positive constant 5 
𝜂1 positive constant 5 
𝜂2 positive constant 5 
𝜌 positive constant 1000 
𝑃 PID control 2 
𝐼 PID control 2 
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Ω positive constant 10 
The observer is used to estimate the input time-delay and output braking torque of the 
conventional BBW system (equations (4-3) and (4-4)). As discussed in Section 4.3.1, the 
command braking torque of motor can be any value and the derivative of the command 
braking torque of the conventional BBW system should not be 0: ?̇?2(𝑡) ≠ 0.  
In the first test, the observer is tested. In these tests, the command braking torque of the 
conventional BBW system is set as a ramp signal: the slope is 10 and initial value is 0 𝑁𝑚. 
The command braking torque of the motor is a constant braking torque 10 𝑁𝑚.  The 
initial wheel speed is set as: 200 𝑟𝑎𝑑 𝑠⁄ , the initial braking torque of the conventional 
BBW system is 0 𝑁𝑚. And the initial guessed states are ?̂?1 = [0,0, 0,0.1]. 𝑆(0) = 𝐼4∗4. 
For testing the observer, three groups of simulation experiments are set up.  
The first group of the simulation experiment: input time-delay is set as a constant value 
0.2𝑠. The simulation results are shown in Figure 4-2 (a), Figure 4-2 (b). 
 
Figure 4-2(a). Time-delay estimation when the time-delay is a constant value. 
 
Figure 4-2 (b). Braking torque estimation when the time-delay is a constant value. 
As shown in Figure 4-2 (a) and Figure 4-2 (b), the designed observer is able to accurately 
estimate the input time-delay and the output braking torque of the conventional BBW. As 
shown in Figure 4-2 (a), the proposed observer is able to quickly estimate the input time-
delay. The output braking torque is 0 during the initial stage (as shown in the Figure 4-2 
(b)). This is because actuator has time-delay (0.2𝑠). It proves that the observer is able to 
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well estimate the output braking torque of the conventional BBW system.  To further 
verify the effectiveness of the proposed observer, the input time-delay signal is set as 0.2𝑠 
for the first five seconds and 0.4𝑠 for the second five seconds. The simulation results are 
shown in Figure 4-3 (a) and Figure 4-3 (b). 
 
Figure 4-3 (a). Time-delay estimation when the time-delay is a variable step signal. 
 
Figure 4-3 (b). Braking torque estimation when the time-delay is a variable step signal. 
It can be seen from Figure 4-3 (a) that the designed observer is able to estimate the input 
time-delay even if the input time-delay changes. Figure 4-3 (b) proves that the designed 
observer can accurately estimate the output braking torque of the conventional BBW 
system even if the input time-delay changes during the braking process. The braking 
torque does not change at the initial stage and at about the fifth second. This is because 
there is input time-delay of actuator and the input time-delay changes at the fifth second. 
To further verify the effectiveness of the observer, the input time-delay signal is set as a 
sinusoidal signal. Sinusoidal signal is set as the amplitude 1𝑠 and frequency 1 𝑟𝑎𝑑 𝑠⁄ . 




Figure 4-4 (a). Time-delay estimation when the time-delay is a sinusoidal signal. 
 
Figure 4-4 (b). Braking torque estimation when the time-delay is a sinusoidal signal. 
As shown in Figure 4-4 (a) and Figure 4-4 (b), the observer is able to simultaneously 
estimate the input time-delay and output braking torque of the conventional BBW system 
even if the input time-delay signal changes with time as a sinusoidal signal. All these tests 
prove that the designed observer is able to effectively and simultaneously estimate the 
input time-delay and output braking torque of the conventional BBW system no matter 
what type of the input time-delay is. 
4.4 Normal braking control for the blended BBW systems 
4.4.1 Normal braking control design 
The input time-delay and output braking torque of the conventional BBW system 
estimation is important for the normal braking control. The designed whole braking 
control structure for the normal braking conditions is shown in Figure 4-5. The estimated 
parameters can be used in the normal braking control as shown in Figure 4-5. During the 
normal braking processing, the braking objective is to decelerate the vehicle according to 
driver’s braking intention.  
The braking pedal travel reflects driver’s braking intention. When the braking pedal 
position is given, the desired braking deceleration can be obtained. In this chapter, the 
braking command signal tracking is the focus. Because SMC has fast response speed and 
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good anti-disturbance ability, the SMC is chosen for the vehicle braking control. In order 
to prepare for the braking torque distribution, the total command braking torque should 
be limited. Thus the input constraint based SMC is used. The total command braking 
torque is constrained by the sum of the maximum braking torque of the conventional 
BBW system and the maximum braking torque of MBS. As shown in Figure 4-5, the 
outermost layer adopts input constraint based SMC. It is used to make wheel speed track 
the desired speed. Then the total command braking torque is assigned to two braking 
systems as their respective command signals.  
 
Figure 4-5. Whole blended BBW control structure for vehicle normal braking. 
Each braking system has its own characteristics. Compared with the MBS, the 
conventional BBW system can provide larger braking torque than the MBS. MBS has 
faster response speed than the conventional BBW system. In order to make full use of the 
advantages of the respective braking systems, the total command braking torque 
calculated by the constraint based SMC is used as the command braking torque of the 
conventional BBW system and the difference between total command braking torque and 
the output braking torque of the conventional BBW system is used as the command 
braking torque of the MBS (as shown in Figure 4-5). The conventional BBW system 
provides the majority of the total command braking torque. The MBS can make up the 
slow response of the conventional BBW system. Then blended BBW is able to obtain 
well tracking performance. In order to make the conventional BBW system have as fast 
as possible response speed, the input time-delay estimation based Smith Predictor (SP) 
control is adopted. In this normal braking control method, the input time-delay and output 
braking torque of the conventional BBW system are used as shown in Figure 4-5. 
However, both the output braking torque of conventional BBW system and input time-
delay of conventional BBW system cannot be directly measured. Thus, the MISO 
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observer designed in Section 4.3 is used. The estimated parameters can be used in the 
normal braking control as shown in Figure 4-5. 
Because the influence of actuators’ dynamics (MBS is first-order system and 
conventional BBW system is seen as first-order with input time-delay system), the 
command braking torque of actuators cannot be achieved in time. The difference between 
the total command braking torque of actuators (𝑇𝑐𝑜𝑚𝑑) and the output braking torque of 
actuators (𝑇𝑚 + 𝑇𝑓) is varied with the change of the total command braking torque and 
the braking torque distribution between the different braking actuators. The difference 
between the total command braking torque of actuators and the output braking torque of 
actuators can be seen as disturbance and is defined as Δ. And assume that |Δ| ≤ ∆𝑚𝑎𝑥. 
∆𝑚𝑎𝑥  is the boundary of disturbance. Then the total command braking torque can be 
represented as 𝑇𝑐𝑜𝑚𝑑 = 𝑇𝑚 + 𝑇𝑓 − Δ. So the braking torque acting on the wheel can be 
expressed as: 
𝑇𝑐𝑜𝑚𝑑 + Δ = 𝑇𝑚 + 𝑇𝑓                                                   (4-25) 








2                                             (4-26) 
Then it can be further rewritten as: 
?̇? = 𝐹1 + 𝐵1𝑇𝑐𝑜𝑚𝑑 − Δ𝐽                                                 (4-27) 
where 𝐹1 = −
𝜌𝐴𝐶𝑑
2𝑚









. As shown in equation 
(4-25), the influence of the actuators’ dynamics (there is difference between total 
command braking torque and the real output braking torque acting on the wheel) can be 
seen as disturbance. In order to make vehicle state follow command signal, constraint 
based SMC is adopted. In order to ensure system convergence and stability, the desired 
vehicle velocity and desired vehicle deceleration are used in constraint based SMC. Then 




(−c(𝑣 − 𝑣𝑑) − 𝐹1 − Ω𝑠𝑔𝑛(𝑆1) + ?̇?𝑑 − (𝑐1 − 𝑐)(−𝑐1𝛿1 + 𝛿2) − 𝑐2𝛿2)       
(4-28) 
And the total command braking torque can be obtained: 
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𝑇𝑐𝑜𝑚𝑑 = 𝑠𝑎𝑡(𝑇𝑎𝑐𝑜𝑚𝑑) = {
𝑇𝑚𝑎𝑥 ,     𝑇𝑎𝑐𝑜𝑚𝑑 > 𝑇𝑚𝑎𝑥 
𝑇𝑎𝑐𝑜𝑚𝑑,            𝑇𝑎𝑐𝑜𝑚𝑑  ≤  𝑇𝑚𝑎𝑥 
               (4-29) 
where Ω, 𝑐, 𝑐1  and 𝑐2  are positive numbers.  𝑣𝑑  is the desired vehicle speed. ?̇?𝑑  is the 
desired deceleration of vehicle. When the braking pedal travel and the initial vehicle 
braking speed are given, the desired vehicle deceleration and desired vehicle speed can 
be calculated. 𝑇𝑚𝑎𝑥  is the sum of the maximum braking torque of conventional BBW 
system and the maximum braking torque of MBS. 𝑆1 is the sliding mode surface. It is 
designed as: 
𝑆1 = 𝑐𝑒1 + ?̇?1                                                (4-30) 
where e1 = ∫(𝑣 − 𝑣𝑑)𝑑𝑡 − 𝛿1.  𝛿1 and 𝛿2 are designed states. They can be expressed as 
follows: 
?̇?1 = −𝑐1𝛿1 + 𝛿2                                                        (4-31a) 
?̇?2 = −𝑐2𝛿2 + 𝑏Δ𝑢                                                      (4-31b) 
where 𝛥𝑢 = 𝑇𝑐𝑜𝑚𝑑 − 𝑇𝑎𝑐𝑜𝑚𝑑. Then equations (4-31a) and (4-31b) can be written as state 
equation: 
?̇? = 𝐴2𝛿 + 𝐵2Δ𝑢                                                      (4-32) 
where 𝐴2 = [
−𝑐1 1
0 −𝑐2
] , 𝐵2 = [
0
𝑏
] . 𝑏  is a positive number. Because  𝑐1  and 𝑐2  are 
positive numbers,  lim
𝑡→∞
𝛿1 = 0, lim
𝑡→∞
𝛿2 = 0. In order to prove that the speed of the vehicle 





                                                           (4-33) 
Submitting (4-27) (4-28) and (4-32) into the derivative of V1 and because lim
𝑡→∞
𝛿1 = 0, 
lim
𝑡→∞
𝛿2 = 0, then the derivative of V1 can be obtained as: 
V̇1 = 𝑆1?̇?1 = −Δ𝐽𝑆1 − Ω|𝑆1|                                           (4-34) 
The designed Ω ≥ |Δ𝐽|, then V̇1 ≤ 0  lim
𝑡→∞
𝑣 = 𝑣𝑑 , lim
𝑡→∞
?̇? = ?̇?𝑑. Then the vehicle speed is 
able to track the desired vehicle speed. It also means that the vehicle can meet the 
requirement of desired deceleration. 
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4.4.2 Conventional BBW system control design 
Compared with the conventional BBW system, the motor has fast response. As discussed 
in Section 4.4.1, the command braking torque of the MBS is set as the difference between 
the total command braking torque and the output braking torque of the conventional BBW 
system. The output braking torque of conventional BBW system is estimated as discussed 
Section 4.3. Because the motor has its own controller, the motor control will be not taken 
into consideration in this thesis. In this chapter, the conventional BBW system control is 
the focus. Because the conventional BBW system can be seen as a first-order system with 
time-delay, the time-delay estimated based SP control is adopted. The SP is the classical 
control approach for time-delay systems.  It aims to design a controller for a time-delay 
system such that it results in a delayed response of a delay-free system, as if the delay is 
shifted outside the feedback loop [163]. Assuming the plant is:  
𝐺(𝑠) = 𝑃(𝑠)𝑒−𝑠𝛿                                                      (4-35) 
where 𝑃(𝑠) is the delay-free part of controlled object, 𝑒−𝑠𝛿  is the pure-delay part of 
controlled object. Compared with equation (4-5), 𝑃(𝑠) is equivalent to 
1
𝜏𝑓𝑠+1
 and 𝛿 is the 
input time-delay of conventional BBW system. The SP is realized by introducing local 
feedback to the main controller 𝐶(𝑠) using the SP 𝑍(𝑠). The SP 𝑍(𝑠) is designed as: 
𝑍(𝑠) = 𝑃(𝑠) − 𝑃(𝑠)𝑒−𝑠𝛿                                              (4-36) 
As shown in equation (4-36), the SP needs to know the time-delay of braking system 𝛿. 
In this chapter, the time-delay 𝛿 can be obtained from Section 4.3. The SP combining 
with estimated input time-delay is able to make the conventional BBW system have better 
tracking performance. The time-delay based SP control system is shown in Figure 4-6 (a).  
 
Figure 4-6 (a). Time-delay based SP control structure. 
The time-delay based SP control system is shown in Figure 4-6 (a). When 𝑃(𝑠) is stable 
and the time-delay 𝛿 is known, the system shown in Figure 4-6 (a) is equivalent to the 
one shown in Figure 4-6 (b). It can be seen from Figure 4-6 (b) that the delay is moved 
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outside the feedback loop. The main controller 𝐶(𝑠) can be designed according to the 
delay-free part 𝑃(𝑠) of the model only. 
 
Figure 4-6 (b). The equivalent graph of time-delay based SP. 
The main controller 𝐶(𝑠) is used for delay-free part of braking system 𝑃(𝑠) control. The 
main control is often designed to meet specified gain and phase margins. It adopts PI 
controller. The close-loop system of main controller with time-delay free part of braking 




                                                      (4-37) 
The main controller design has to be compromised between the robustness and response 




According to equations (4-5), (4-37) and the desired 𝑇𝑑𝑦𝑟(𝑠) =
1
0.01𝑠+1
, the main 




                                                        (4-38) 
Then each part of the time-delay based SP controller is obtained. Submitting (4-36) and 
(4-38) into the Figure 4-6 (b), the controller of the conventional BBW system is obtained.  
4.4.3 Simulation results 
In this part, the time-delay based SP controller is tested. For comparison, the PID control 
is also adopted. For the first test, the input time-delay of conventional BBW system is set 
as 0.1𝑠 [33] and other braking system parameters are shown in Table 4-1. The control 
structures are shown in Figure 4-7 (a) and Figure 4-7 (b). The difference between these 
two structures is the controller. The time-delay based SP controller is adopted as shown 
in Figure 4-7 (a). In this test, assume that the time-delay of conventional BBW system is 
known and directly used in the time-delay based SP controller. The PID controller is 
adopted as shown in Figure 4-7 (b). Because the response speed of MBS is fast and 
usually the motor has a proprietary controller, the motor control will not be taken into 
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consideration. For test, the maximum braking torque of MBS is set as: 100𝑁𝑚. And the 
maximum braking torque of the conventional BBW system is set as: 1000𝑁𝑚. 
 
Figure 4-7 (a). Time-delay based SP for braking torque tracking. 
 
Figure 4-7 (b). PID for braking torque tracking. 
In order to compare the tracking performance of two control methods for the blended 
BBW, two kinds of signals are used as command signals. As shown in Figure 4-8 (a) and 
Figure 4-8 (b), the step signal and sinusoidal signal are set as command signals. The step 
command braking torque signal is set as: 500 𝑁𝑚. The sinusoidal command signal is set 
as the amplitude 500 𝑁𝑚 and frequency 1 𝑟𝑎𝑑 𝑠⁄ . The simulation results are shown in 
Figure 4-8 (a) and Figure 4-8 (b). 
 




Figure 4-8 (b). Sinusoidal signal tracking simulation results. 
It can be seen from Figure 4-8 (a) and Figure 4-8 (b) that the time-delay based SP has 
well tracking performance for the command braking torque no matter what type of the 
command braking torque is. Compared with the PID control for the blended BBW, the 
time-delay based SP has faster response (as shown in Figure 4-9 (a)).  As shown in Figure 
4-8 (b), the output signal under PID control cannot well track the sinusoidal command 
signal. This is because the existence of input time-delay in the conventional BBW system 
and conventional PID control cannot achieve fast response for the time-delay braking 
system. It makes the output braking torque of the conventional BBW system be not able 
to well track the command braking torque. And the difference between the command 
braking torque of the conventional BBW system and the output braking torque of the 
conventional BBW system becomes large with the command braking torque and the 
change rate of the command braking torque increasing. When the difference is larger than 
the maximum braking torque of the motor can provide, the motor cannot make up the 
difference between command braking torque of the conventional BBW system and the 
output braking torque of the conventional BBW system. It makes BBS’ output braking 
torque not be able to well track the total command braking torque (as shown in Figure 4-
8 (b)). Different from the blended BBW under PID control, the blended BBW under time-
delay based SP control is able to well track the total command braking torque. This is 
because time-delay based SP control has faster response speed compared with 
conventional PID control (as shown in Figure 4-8 (a)). It makes the difference between 
the command braking torque of the conventional BBW system and the conventional BBW 
system’s output braking torque small. In this situation, the braking torque provided by 
motor is enough for making up the difference between command braking torque of the 
conventional BBW system and the output braking torque of the conventional BBW 
system. It makes the blended BBW systems be able to well track the total command 
braking system (As shown in Figure 4-8 (b)). 
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In order to further verify the effectiveness of the proposed method, the proposed braking 
control method for the blended BBW systems (the control structure is shown in Figure 4-
5) is tested in the case of normal braking. In the first test, the vehicle braking during the 
normal braking is tested. The initial wheel speed is 200 𝑟𝑎𝑑/𝑠 , the time-delay of 
conventional BBW system is set as 0.1𝑠 , 0.2𝑠 , 0.3𝑠  separately and the desired 
deceleration speed of wheel is set as 10 𝑟𝑎𝑑/𝑠2. The relevant control parameters are 
listed in Table 4-1. For comparison, the PID will be used to replace the time-delay based 
SP control as the conventional BBW system’s controller. The simulation results are 
shown in Figure 4-9. Figure 4-9 (a) is the simulation result when the time-delay is 0.1𝑠. 
Figure 4-9 (b) is the simulation result when the time-delay is 0.2𝑠. Figure 4-9 (c) is the 









Figure 4-9. The simulation results under different braking control methods and different 
time-delay during the normal braking process. 
The controller’s parameters are adjusted when the time-delay is 0.1𝑠. As shown in Figure 
4-9 (a), both control methods are able to make vehicle wheel well track the desired speed. 
And the proposed method has better tracking performance than the PID control. During 
the initial stage, there is tracking error for the proposed method. This is because the 
observer has error estimation at the initial stage. When the observer obtains the accurate 
time-delay estimation, the proposed method is able to well track the command signal. 
When the adjusted control parameters remain unchanged and the input time-delay of the 
conventional BBW system set as 0.2𝑠 and 0.3𝑠, the proposed method is still able to make 
vehicle well track the command signal (as shown in Figure 4-9 (b) and Figure 4-9 (c)). 
However, braking command tracking performance under PID control becomes worse 
with the input time-delay of the conventional BBW system increasing (as shown in Figure 
4-9 (b) and Figure 4-9 (c)). It proves that the proposed method has better tracking 
performance than conventional PID control.  
Normal braking is normally applied in a feedforward fashion. However, blended BBW is 
adopted as research objective in this chapter. As shown and analysed in Figure 4-9, the 
tracking of command signals by conventional BBW will affect the overall tracking 
performance of blended BBW. In order to improve the overall tracking performance of 
blended BBW, a feedback control structure is adopted for the convention BBW. 
4.5 Summary 
In this chapter, a new observer is designed. It is able to achieve the estimation of input 
time-delay and output braking torque of conventional BBW system in the blended BBW 
systems. The simulation results prove that the observer is able to well simultaneously 
estimate the input time-delay and output braking torque of the conventional BBW system. 
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In addition to the new observer, a new control method which combines observer and time-
delay based SP is designed for the blended BBW systems. Simulation results show that 





CHAPTER 5 Modified extreme seeking based adaptive fuzzy 
sliding mode control scheme for vehicle ABS 
5.1 Introduction 
Emergency braking control performance is an important indicator for vehicle braking 
system. In the real application, the optimal slip ratio of tire-road is unknown. And the 
optimal slip ratio of tire-road is different under different road conditions. In this chapter, 
a modified extreme seeking based adaptive fuzzy sliding mode control scheme for vehicle 
ABS is proposed. It is used to make wheel slip ratio track the optimal slip ratio even in 
the case of changing road conditions. The modelling of vehicle during the emergency 
braking is carried out in Section 5.2. In Section 5.3, the conventional ESA is introduced 
first. Then the proposed control algorithm which combines modified extreme seeking and 
adaptive fuzzy sliding mode control is introduced. For comparison, simulation results are 
provided. The simulation results are shown in Section 5.4. Finally, Section 5.5 draws 
some conclusions. 
5.2 Modelling of vehicle during the emergency braking  
Same to Chapter 3, the aerodynamic drag force can be ignored in the case of emergency 
braking. The tire-road friction efficiency is mainly related with the wheel slip ratio. The 
quarter-vehicle dynamic model will not be repeated here and can be described by equation 
(3-11) to equation (3-16).  
In this chapter, the tire model used is based on the tire friction model developed by 
Burckhardt and Reimpell (1993), which is same as described in chapter 3 and equation 




                                                         (5-1) 
Equation (5-1) can be further rewritten as: 












                𝑢 = 𝑇𝑏                                              (5-4) 
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The nominal model of (5-2) can be represented as: 
?̇? = 𝐹𝑛(𝜆) + 𝐺𝑛𝑢                                                     (5-5) 
where 𝐹𝑛(𝜆) and 𝐺𝑛 are the nominal values of 𝐹𝑝(𝜆) and 𝐺𝑝. If the uncertainties occur, 
then (5-5) can be modified as: 
?̇? = [𝐹𝑛(𝜆) + Δ𝐹𝑛(𝜆)] + [𝐺𝑛 + Δ𝐺𝑛]𝑢 = 𝐹𝑛(𝜆) + 𝐺𝑛𝑢 + 𝑤               (5-6) 
where  
𝑤 = Δ𝐹𝑛(𝜆) + Δ𝐺𝑛𝑢                                                    (5-7) 
with the assumption: 
|𝑤| ≤ 𝑊                                                       (5-8) 
where 𝑊 is a positive constant and is defined as the boundary of uncertainty. As analysed 
in Chapter 3, the pure MBS has less braking performance than BBS. Thus BBS is adopted 
the braking system in this chapter. In this chapter, the blended BBW system which 
combines MBS and convention BBW system is used as braking system.  
5.2.1 Dynamics model of MBS 
Same to Chapter 4, the motor torque can be modelled as a first-order reaction with a small 





                                                   (5-9) 
where 𝑇𝑟𝑏
∗  is the command braking torque of MBS. 𝜏𝑚 is the time constant of MBS. The 
dynamic characteristics of motor can be tested and the parameter of  𝜏𝑚 can be obtained 
in advance by experiment [39]. The value of parameter 𝜏𝑚 is listed in Table 5-1.  
5.2.2 Dynamic model of the conventional BBW system 
Same to Chapter 4, the braking torque response of the conventional BBW system is 





𝑒−𝑡𝛿𝑠                                                      (5-10) 
where 𝑇ℎ𝑏
∗  is the command braking torque of the conventional BBW system. 𝑇ℎ𝑏 is the 
output braking torque of the conventional BBW system. 𝜏𝑓 is the dominant time constant 
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of HBS.  𝑡𝛿 is the pure time-delay. The relevant parameters are listed in Table 5-1. As 
shown in equation (5-9) and equation (5-10), there may be difference between the output 
braking torque of braking system and the command braking torque of braking system due 
to the dynamic characteristics. This difference can be included in the disturbance 
(equation (5-7)). 
5.3 A new control scheme for ABS 
The whole structure of the new vehicle emergency braking control is shown in Figure 5-
1. There have been many papers about the vehicle speed estimation [67]. In this thesis, it 
is assumed that the angular velocity of the wheel and the vehicle deceleration can be 
measured. The role of each part will be introduced below. 
 
Figure 5-1. Whole vehicle braking control system structure during the emergency 
braking. 
It is known that there is only one maximum friction value for each road condition (as 
shown in Figure 1-10). The modified sliding mode based extreme seeking algorithm 
(MSMES) is used to search for the optimal slip ratio. The input of the MSMES is the road 
friction coefficient 𝜇. It can be obtained based on the measured deceleration of vehicle. 
The output of the MSMES is the optimal slip ratio 𝜆𝑑. The MSMES is able to search for 
the optimal slip ratio for any given road conditions (In the most cases, vehicle drives on 
one road condition. Occasionally, vehicle moves from one road condition to another road 
condition, such as from dry asphalt to wet asphalt. The given road condition can be a 
single road condition or a changing road condition). Even if the road condition changes, 
the MSMES is also able to quickly search for the optimal slip ratio. This optimal slip ratio 
𝜆𝑑 will be treated as a reference input or target signal of the vehicle braking control. The 
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adaptive fuzzy sliding mode controller (AFSMC) is designed to make the wheel slip ratio 
track the optimal wheel slip ratio. The input of the AFSMC is the difference between the 
optimal wheel slip ratio and the real wheel slip ratio. The output of the AFSMC is the 
total required braking torque or total command braking torque. The total command 
braking torque is then allocated to the conventional BBW system and MBS through 
allocator. Finally, the braking torques generated by the conventional BBW system and 
MBS are applied to vehicle wheel and make vehicle stop.  
5.3.1 Modified sliding mode based extremum seeking 
For a given road condition, there exists the maximum friction coefficient 𝜇∗ for the tire-
road 𝜇(𝜆) at 𝜆∗. And 𝜇∗ changes with the changing of road conditions. In order to search 
for the maximum friction coefficient, the MSMES algorithm is proposed in this thesis. 
The input of the MSMES is the friction coefficient 𝜇(𝜆). Although 𝜇(𝜆) is not available 
to be directly measured, the information about 𝜇(𝜆) can be obtained based on the vehicle 
deceleration (Wang et al. (2015)).  
Before introducing the MSMES algorithm, the classic sliding mode based ESA scheme 
is given as shown in Figure 5-2 (Lin et al. (2003)). 
 
Figure 5-2. The classic sliding model based ESA scheme. 
In Figure 5-2, 𝑒 is defined as: 
𝑒 = 𝜇 − 𝑔 = 𝜇 − 𝜌𝑡                                              (5-11) 
where 𝑔 is an increasing function satisfying ?̇? = 𝜌 > 0. 𝑔 is designed to search for the 
extremum value. It is an important part of ESA. Its role can be seen from the following 




?̇? − 𝜌                                                      (5-12) 
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For the optimal slip ratio seeking, ?̇? is designed as: 
?̇? = 𝑘𝑠𝑖𝑔𝑛 [𝑠𝑖𝑛 (
𝜋𝑒
Υ
)]                                                  (5-13) 
where 𝑘 is a positive constant and sign is the sign function, Υ is a positive constant, sin is 







                                                        (5-14) 
The maximum friction coefficient of road can be found without a priori knowledge of the 
road friction. 
Proof: 







)] − 𝜌                                     (5-15) 
Now, assuming that at the start of seeking the value of e in (5-11) is between the values 




)] = −𝑠𝑖𝑔𝑛(𝑒 − Υ) 𝑜𝑟 𝑠𝑖𝑔𝑛 [𝑠𝑖𝑛 (
𝜋𝑒
Υ
)] = 𝑠𝑖𝑔𝑛(𝑒 − 2Υ)           (5-16) 
The sliding surface variable s is selected as: 
𝑠 = 𝑒 − Υ                                                      (5-17) 




𝑘𝑠𝑖𝑔𝑛(𝑒 − Υ) − 𝜌 𝑜𝑟 ?̇? =
𝑑𝜇
𝑑𝜆







, then ?̇? < 0. e will tend to be Υ. Same to above derivation process, when 






, then ?̇? > 0. e will also tend to be Υ. Based on the above 






, as shown in Figure 5-3, after finite time 
interval: 
𝑒 = Υ                                                          (5-19) 
𝜇(𝜆) − 𝜌𝑡 = Υ                                                  (5-20) 






 and Υ < 𝑒(0) < 3Υ, as shown in 
Figure 5-4, after finite time interval: 
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𝑒 = 2Υ                                                          (5-21) 
𝜇(𝜆) − 𝜌𝑡 = 2Υ                                                  (5-22) 
Based on the above analysis, for any other initial conditions of 𝑒(0), as long as condition 
(5-14) holds, after finite time interval, 𝑒 will be a constant number. 
𝑒 = kΥ                                                            (5-23) 
𝜇(𝜆) − 𝜌𝑡 = kΥ                                                     (5-24) 
where k = 1,2,3… 
then 
?̇? = ?̇?(𝜆) = 𝜌                                                        (5-25) 
 
Figure 5-3. Change of e and ?̇? if 𝑑𝜇(𝜆)/𝑑𝜆 > 𝜌/𝑘. 
 




Figure 5-5. Friction coefficient - slip ratio. 
As shown in the above proof, as long as the absolute value of 
𝑑𝜇
𝑑𝜆




will approach peak point in magnitude with the converging slope of 𝜌 (equation (5-23)). 
As shown in Figure 5-5, 𝑃1 and 𝑃2characterize the interval points where their gradients 
are smaller than 
𝜌
𝑘






, the ESA will make slip ratio towards the 
optimal slip ratio, until the operation hits 𝑃1 or 𝑃2. 













)] − 𝜌 < 0                                      (5-26) 






 as an example to explain the process. As shown in Figure 5-6, ?̇? changes its value 
when e changes Υ. However, the descending speed of e is different at different intervals. 
As shown in Figure 5-6, the length of interval Ⅰ is equal to the length of interval Ⅱ. 
Because the descending speed of e at interval Ⅱ is larger than the descending speed of e 
at interval Ⅰ. 𝑒 has a longer duration time at interval Ⅰ than at interval Ⅱ. As can be seen 
in Figure 5-7, ?̇? takes more negative value 𝑘 than positive value 𝑘. So λ will decrease 






. Then λ will increase 
towards to point 𝑃1. Based on above analysis, λ will oscillate around the point 𝑃1when 
the initial value of λ is at the left side of point 𝑃1. As shown in above analysis, the search 



















Similar to the condition of the initial value of λ  at the left side of point 𝑃1,  λ will oscillate 
around the point  𝑃2 when the initial value of  λ is at the right side of point 𝑃2 (the detailed 
derivation process is same to the derivation process of 𝑃1 and is ignored here).  When the 
initial value of λ  is between the 𝑃1 and 𝑃2 , λ  will oscillate around the point 𝑃1 or 
𝑃2according to different initial values of λ. The conventional ESA will cause oscillation 
around the optimal slip ratio according the above analysis. In order to solve above 
problem, the MSMES algorithm is proposed. The MSMES scheme is shown in Figure 5-
8. By comparing Figure 5-2 and Figure 5-8, it can be seen that the MSMES adds the 
switching condition on the basis of conventional ESA. Switching condition has two 
functions. One is to identify the condition to stop seeking for eliminating oscillation. 
Another one is to identify the change of road condition. 
As shown in equation (5-15), ?̇? is a variable. In this algorithm, ?̇? is taken as an indicator 
to decide whether to stop seeking or not. Based on equation (5-15), it can be obtained as: 






)]|                                      (5-27) 







other words, when |
𝑑𝜇
𝑑𝜆
𝑘| < 𝜌 (𝑘 is positive), it means that the seeking process ends and 
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𝜇(𝜆) has reached its extremum value. Based on the above analysis and equation (5-26), 
the amplitude of |?̇? + 𝜌| is less than 1 when  𝜇(𝜆) reached its extremum value. During 
the process of approaching to the extremum value, ė is 𝜌 from equation (5-25). In order 
to eliminate interference, another indicator is proposed. When 𝜇(𝜆) reached its extremum 
value, 𝜇(𝜆) will oscillate around the extremum value. For example, as shown in Figure 
5-5, it will oscillate around point 𝑃1. At the left side of point 𝑃1, 
𝑑𝜇
𝑑𝜆
𝑘 > 1.  At the right 
side of point 𝑃1(not too far away from 𝑃1 ),0 <
𝑑𝜇
𝑑𝜆
𝑘 < 1. According to equation (5-26), 
−1 < ?̇? <0. When e changes more than 𝛶, |?̇?| changes from |
𝑑𝜇
𝑑𝜆
𝑘 − 𝜌| to |−
𝑑𝜇
𝑑𝜆




𝑘 − 𝜌|  to |
𝑑𝜇
𝑑𝜆
𝑘 − 𝜌|. ∫|?̇?|𝑑𝑡 > 𝛶 , 𝑡 >
𝛶
|?̇?|
> 0.1𝑠 (in this thesis, 𝛶 = 0.1 
and 𝑘 = 1). It means that the time for the amplitude of |?̇?| to be less than 1 (|−
𝑑𝜇
𝑑𝜆
𝑘 − 𝜌|) 
is longer than 0.1 s when slip ratio is at the right side of point 𝑃1 . Based on the above 
analysis, the time for the amplitude of |?̇?| to be less than 1 can be used as an indicator to 
decide whether the slip ratio is at the optimal slip ratio or not.  
Based on the above analysis, two indicators are designed to determine whether 𝜇(𝜆) 
reached the extremum value or not:  
1、The amplitude of |?̇? + 𝜌| is less than 1. 
2、The time for the amplitude of |?̇?| to be less than 1 is longer than 0.1 s. 
When the above two indicators are met simultaneously, the corresponding slip ratio is 
taken as the optimal slip ratio (peak point) and then stop seeking. Because the seeking 
process stops, it avoids oscillation caused by conventional ESA. Because 
𝑑𝜇
𝑑𝜆
 is different 
at the same slip ratio when the road condition is different,  ?̇? will have a big change when 
the road condition changes.  In this design, it makes  |?̇?| bigger than 10 as the road 
condition change signal. When the road condition change signal is got, a new extremum 
seeking process is activated.  
3、When |?̇?| > 10, restart seeking process. 
Based on the above analysis, it makes 𝑘 = 0 (it means that seeking stops) when indicator 
1 and indicator 2 are met simultaneously. It makes  𝑘 = 1 (it means that seeking starts) 




Figure 5-8. MSMES scheme. 
5.3.2 Adaptive Fuzzy Sliding Mode Controller 
A low overshoot can be achieved at the cost of high settling time. However, a low settling 
time is also necessary for a quick response. Thus, most of the design schemes make a 
tradeoff between these two transient performance indices and it is hard to achieve a low 
overshoot and quick response at the same time when coefficient of sliding surface is a 
fixed number. In this thesis, a nonlinear sliding surface is designed to achieve quick 
response and avoid overshoot. The coefficient of sliding surface changes with the 
changing of difference between the optimal slip ratio and real slip ratio. 
As shown in Section 5.2, the vehicle braking system model is a nonlinear system and 
some parameters are unknown or uncertain. It means that it is hard to design a controller 
based on the vehicle braking system model. Based on the above analysis, the controller 
should be able to adaptively adjust its parameters according to the relevant environment. 
In this thesis, the AFSMC is designed to make wheel slip ratio track the optimal slip ratio. 




Figure 5-9. Structure of the AFSMC. 
The design of AFSMC is based on the assumption that the wheel speed and vehicle 
velocity are measurable. The control objective is to make the wheel slip ratio well track 
the optimal slip ratio 𝜆𝑑 which is obtained by the MSMES algorithm. The tracking error 
is defined as: 
𝜆𝑒 = 𝜆𝑑 − 𝜆                                                    (5-28) 
?̇?𝑒 = ?̇?𝑑 − ?̇?                                                    (5-29) 
where 𝜆 is the real slip ratio. 𝜆𝑒 is the slip ratio tracking error. 
A sliding surface is designed as: 
𝑠 = 𝜆𝑒 + 𝛹(𝜆𝑑, 𝜆) ∫ 𝜆𝑒(𝜏)𝑑𝜏
𝑡
0




                                                  (5-31) 
The nonlinear function Ψ(𝜆𝑑, 𝜆) is used to change convergence rate of the closed loop 
system. 𝛼, 𝛽 are positive numbers.  
The SMC law is defined as: 
𝑢𝑠 = 𝑢𝑒𝑞 + 𝑢𝑏𝑡                                                            (5-32) 
where 𝑢𝑒𝑞 is the equivalent controller and is designed as 
𝑢𝑒𝑞 = 𝐺𝑛
−1[−𝐹𝑛(𝜆) + ?̇?𝑑 + Ψ(𝜆𝑑, 𝜆)𝜆𝑒]                                 (5-33) 
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And 𝑢𝑏𝑡 is designed to compensate uncertainty as: 
𝑢𝑏𝑡 = 𝐺𝑛
−1[𝑊𝑠𝑔𝑛(𝑠)]                                                (5-34) 
then 
?̇? = ?̇?𝑒 + Ψ(𝜆𝑑, 𝜆)𝜆𝑒 = −𝑤 − 𝑊𝑠𝑔𝑛(𝑠)                                 (5-35) 




𝑠2                                                       (5-36) 
?̇?1 = ?̇?𝑠 = −𝑠𝑤 − |𝑠|𝑊 ≤ |𝑠|𝑤 − |𝑠|𝑊 = −|𝑠|(𝑊 − |𝑤|) ≤ 0             (5-37) 
To satisfy the existence condition, a large uncertainty bound 𝑊 should be chosen. This 
will cause big chattering. This chattering will affect the control performance. In order to 
solve this problem, an observer is normally needed to estimate this uncertainty bound. 
From the above analysis, it can be seen that system models must be accurately known in 
order to design the SMC for ABS. However, accurate mathematical models can be 
difficult to obtain. To solve these problems, a fuzzy controller is proposed to control the 
ABS. 
Assume that there are 5 rules in a fuzzy rule base and each of them has the following 
form: 
Rule i: if 𝑠 is si then 𝑢 is 𝜗𝑖 
where 𝑠 is the input variable of the fuzzy system; 𝑢 is the output variable of the fuzzy 
system. s𝑖  are the membership functions; In this thesis, 5 membership functions are 
adopted. They are 𝑠1(s) = exp [−((s + 𝜋 6⁄ )/(𝜋 24⁄ ))
2] 𝑠2(s) = exp [−((s + 𝜋 12⁄ )/
(𝜋 24⁄ ))2]  𝑠3(s) = exp [−(s/(𝜋 24⁄ ))
2]  𝑠4(s) = exp [−((s − 𝜋 12⁄ )/(𝜋 24⁄ ))
2] 
𝑠5(s) = exp [−((s − 𝜋 6⁄ )/(𝜋 24⁄ ))
2] and 𝜗𝑖  are the singleton control actions. The 
membership functions are shown in Figure 5-10. The defuzzification of the AFSMC 
output is accomplished by the method of center-of-gravity (Lin et al. (2003)) 
𝑢 = ∑ 𝜔𝑖
5
𝑖=1 × 𝜗𝑖/∑ 𝜔𝑖
5
𝑖=1                                         (5-38) 
where 𝜔𝑖 is the weight of 𝑖𝑡ℎ rule. And equation (5-38) can be rewritten as  
𝑢 = 𝜗𝑇𝜉                                                         (5-39) 
where 𝜗 = [𝜗1, 𝜗2, … , 𝜗5]
𝑇 is a parameter vector and 𝜉 = [𝜉1, 𝜉2, … , 𝜉5]
𝑇 is a regressive 
vector with 𝜉𝑖 defined as  
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𝜉𝑖 = 𝜔𝑖/∑ 𝜔𝑖
5
𝑖=1                                                 (5-40) 
an ideal controller can be written as 
𝑢∗ = 𝐺𝑝
−1[−𝐹𝑝(𝜆) + ?̇?𝑑 + Ψ(𝜆𝑑, 𝜆)𝜆𝑒]                            (5-41) 
Submitting (5-2) (5-33) (5-39) into (5-29)  
?̇?𝑒 = −Ψ(𝜆𝑑, 𝜆)𝜆𝑒                                                    (5-42) 
From equation (5-31), it can be seen that Ψ(𝜆𝑑, 𝜆)  is a positive number and then 
lim
n→∞
𝜆𝑒(𝑡) = 0. As shown in equation (5-31), Ψ(𝜆𝑑, 𝜆) changes with the changing of 𝜆𝑒. 
When the tracking error 𝜆𝑒 is small, Ψ(𝜆𝑑, 𝜆) is a small value. When the tracking error 
𝜆𝑒 is big, Ψ(𝜆𝑑, 𝜆) is a big value. Based on the above analysis and equation (5-42), 𝜆𝑒 is 
able to approach to 0 with different speeds, then achieve low overshoot and quick 
response. According to the universal approximation theorem, an optimal fuzzy controller 
𝑢𝑓𝑧
∗  is used to approximate the ideal controller, that is 
𝑢∗ = 𝑢𝑓𝑧
∗ (φ, 𝜗∗) + = 𝜗∗𝑇𝜉 +                                        (5-43) 
where  is the approximation error and is assumed to be bounded | | ≤ 𝐸. And using a 
fuzzy controller ?̂?𝑓𝑧(φ, ?̂?) to approximate 𝑢𝑓𝑧
∗ (φ, 𝜗∗)  as 
?̂?𝑓𝑧(φ, ?̂?) = ?̂?
𝑇𝜉                                              (5-44) 
where ?̂? is the estimated value of 𝜗∗. The controller is designed as following form: 
𝑢𝑠𝑓 = ?̂?𝑓𝑧(φ, ?̂?) + ?̂?𝑟𝑏(φ)                                    (5-45) 
where the fuzzy controller ?̂?𝑓𝑧(φ, ?̂?) is designed to approximate the ideal controller and 
the robust controller ?̂?𝑟𝑏(φ) is designed to compensate for the difference between the 
ideal controller and the fuzzy controller.  
Then  
?̇? = 𝐹𝑝(𝜆) + 𝐺𝑝[?̂?𝑓𝑧(φ, ?̂?) + ?̂?𝑟𝑏(φ)]                                 (5-46) 
According to (5-41) and (5-46), the error equation governing the system can be obtained 
as follows:  
?̇? = ?̇?𝑒 + Ψ(𝜆𝑑, 𝜆)𝜆𝑒 = 𝐺𝑝(𝑢
∗ − ?̂?𝑓𝑧(φ, ?̂?) − ?̂?𝑟𝑏(φ))                   (5-47) 
Define ?̃?𝑓𝑧 = 𝑢
∗ − ?̂?𝑓𝑧, ?̃? = 𝜗




𝑇𝜉 +                                                           (5-48) 
Define a Lyapunov function as: 









?̃?2                                   (5-49) 
where ?̃? = 𝐸 − ?̂? , ?̂?  is the estimation of the approximation error bound, and 𝜂1  is 
adaptive parameter coefficient, and 𝜂2 is adaptive error bound coefficient. They both are 
positive constants.  


















) + 𝑠𝐺𝑝( − ?̂?𝑟𝑏) +
𝐺𝑝
𝜂2
?̃??̇̃?              (5-50) 
For achieving ?̇?2 ≤ 0, the adaptive laws of the AFSMC are chosen as  
?̇̂? = −?̇̃? = 𝜂1𝑠𝜉                                                       (5-51) 
?̂?𝑟𝑏 = ?̂?𝑠𝑔𝑛(𝑠)                                                       (5-52) 
?̇̂? = −?̇̃? = 𝜂2|𝑠|                                                      (5-53) 
Then equation (5-50) can be rewritten as  
?̇?2(𝑠, ?̃?, ?̃?) = 𝑠𝐺𝑝 − 𝐸|𝑠||𝐺𝑝| ≤ −|𝑠||𝐺𝑝|(𝐸 − | |) ≤ 0                                 (5-54) 
 
Figure 5-10. Membership function. 
5.3.3 Torque allocation 
In this chapter, the optimal slip ratio seeking and tracking is the focus. Torque distribution 
strategy is same to Chapter 4. After the total command braking torque is calculated, the 
braking torque is allocated to the conventional BBW system and MBS through allocator. 
In this chapter, only the emergency braking is considered. Assume that 𝑇 is the total 
required braking torque which is calculated by the AFSMC, 𝑇𝑟𝑚𝑎𝑥  is the maximum 
braking torque of the MBS. The torque allocator is designed based on the following 
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principle: If 𝑇 < 𝑇𝑟𝑚𝑎𝑥, the MBS can meet the required braking torque of the whole brake 
system. So only MBS works: 𝑇𝑟𝑏
∗ = 𝑇 . In this case, braking performance can be 
guaranteed and energy recovery is maximized. If 𝑇 ≥ 𝑇𝑟𝑚𝑎𝑥, MBS and the conventional 
BBW system will work together and the conventional BBW system is used to provide the 
required braking torque: 𝑇ℎ𝑏
∗ = 𝑇, the MBS is used to eliminate the error between 𝑇ℎ𝑏  and 
𝑇 caused by slow dynamic characteristics of the conventional BBW system and other 
uncertain factors. 
In summary, the MSMES and AFSMC schemes work as follows: 
Step 1 Initialization with relevant parameters as listed in Table 5-1 and Table 5-2. 
Step 2 Obtain the measurement of the system state: vehicle deceleration and derive the friction 
coefficient μ. 
Step 3 Search for optimal slip ratio 𝜆𝑑by using MSMES. 
Step 4 Calculate control signal u by using AFSMC based on the difference between 𝜆𝑑 and λ.  
         Step 4.1 Obtain the fuzzy controller ?̂?𝑓𝑧 through (5-44), ?̂? is based on (5-51) and 𝜉 is based 
on (5-40). 
         Step 4.2 Obtain the robust controller ?̂?𝑟𝑏 through (5-52), ?̂? is based on (5-53). 
Step 4.3 Obtain whole controller 𝑢𝑠𝑓 through (5-45).  
Step 5 Implement the 𝑢𝑠𝑓 to torque allocator and then to the plant. 
Step 6 Continue with Step 2 until the end. 
5.4 Simulation results 
Simulation studies were conducted to validate the effectiveness of the approach proposed 
in this section. Relevant parameters of the braking system are listed in Table 5-1. For the 
simulation test, the tire-road model should be provided. 𝐶1~𝐶3  are parameters of 
Burckhardt and Reimpell tire-road model. When the parameters 𝐶1~𝐶3 are given, the 
road condition is determined. These parameters are used to simulate road condition. For 
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the ESA, these parameters and optimal slip ratio are unknown. The ESA is used to search 
for the optimal slip ratio. 
Table 5-1. System relevant parameters. 
Symbol Property Value 
g Acceleration due to gravity 9.8 m/s2 
m Mass of the quarter-car 365 kg 
J Moment of inertia of the wheel 1 N/s2 
R Effective wheel radius 0.3 m 
K Integral coefficient 1 
β Time constant 20 
𝜂1 Adaptive parameter coefficient 800 
𝜂2 Adaptive error bound coefficient 200 
𝜏1 CAN communication or mechanical  
response lag 
0.02s 
𝜏2 Response time of the motor 0.01s 
𝜏1𝑚 Cost function weighting factor 1 
𝜏2𝑚 Cost function weighting factor 0 
𝛾 Constant number 0.1 
𝜌 Constant number 1 




Table 5-2. Parameters of the tire-road model for various surfaces. 
Surface condition C1 C2 C3 
Cobble wet 0.4004 33.708 0.1204 
 
In the simulations, a defined tire-road function and the Burckhardt and Reimpell tire-road 
friction model are used to test the proposed optimal slip ratio seeking algorithm, 




                                                  (5-55) 
and this function has a maximum value at 𝜆 = 𝜆∗ with 𝜇(𝜆∗) = 𝜇∗. Relevant parameters 
for the Burckhardt and Reimpell tire-road friction model are shown in Table 5-2. The 
maximum friction coefficient of cobble wet road is 0.38 and the optimal slip ratio of 
cobble wet road is 0.18. 
In the first case, slip ratio tracking is compared between SLF-SMC and AFSMC. In this 
case, the desired slip ratio is designed as 0.2. The simulation result is shown in Figure 5-
11. 
 
Figure 5-11. Slip ratio tracking compare between SLF-SMC and AFSMC. 
As shown in Figure 5-11, the proposed AFSMC approaches the desired slip ratio faster 
than SLF-SMC. It proves that the proposed AFSMC is more effective. 
In the second case, the MSMES algorithm is tested on two different road conditions to 
validate the effectiveness of the extremum seeking capability. For comparison, the 
conventional ESA is also tested on the corresponding road conditions. 
First, the MSMES and the conventional ESA are tested on defined road condition. In this 
test, the optimal slip ratio is set as 𝜆∗ = 0.4 and the maximum friction coefficient is 𝜇∗ =
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0.6. As shown in Figure 5-12, the optimal slip ratio seeking result of the ESA is around 
0.4. The oscillation of the ESA seeking process is caused by seeking characteristic of the 
conventional ESA as analyzed in Section 5.3.  From Figure 5-12, it also can be seen that 
the MSMES is able to search for the optimal slip ratio (0.4) and there is no oscillation 
after the optimal slip ratio is searched out. It proves that Indicator 1 and Indicator 2 of 
switching condition work and the seeking process stops when the optimal slip ratio is 
searched out. It also proves the effectiveness of the MSMES.  
 
Figure 5-12. Process of MSMES and ESA seeking the optimal slip ratio of defined road. 
In the second test, MSMES and ESA are tested on a changing road condition. In the first 
5s, the road is cobble wet road. Then the road changes to the defined road (equation (5-
62)) in the second 5s. As shown in Figure 5-13, both the MSMES and the ESA are able 
to quickly search for the optimal slip ratio even the road condition changes. Because the 
seeking process never stops in the whole process, the ESA is able to search for the optimal 
slip ratio when the road condition changes. Different with the ESA, the extremum seeking 
capability of the MSMES is based on Indicator 3 (as shown in section 5.3) when road 
condition is a changing road condition. When the optimal slip ratio is searched out on the 
cobble wet road, the seeking process stops and corresponding slip ratio is treated as the 
optimal slip ratio. Compared to the ESA, the MSMES needs an indicator to activate 
seeking process when the road condition changes. As shown in Figure 5-13, the MSMES 
restarts seeking and searches out the optimal slip ratio (0.4) when the road condition 
changes from cobble wet road to the defined road condition. It proves that Indicator 3 is 
activated and the MSMES algorithm is able to seek the optimal slip ratio of road even the 




Figure 5-13. Process of MSMES and ESA seeking the optimal slip ratio of changing 
road condition. 
In the third case, the proposed method (MSMES-AFSMC) is tested on different road 
conditions for the braking performance in terms of the braking distance. Usually, the 
optimal slip ratio is treated as a constant number 0.2.  For comparison, the constant 
optimal slip ratio (0.2) is also tested on corresponding road conditions. The AFSMC is 
also used to track the optimal slip ratio in the constant optimal slip ratio (COSR) test. The 
initial speed of vehicle is 30 m/s.  
 
Figure 5-14. Braking distances of MSMES-AFSMC and COSR-AFSMC on cobble wet 
road condition. 
First, the MSMES-AFSMC and the constant optimal slip ratio tracking (COSR- AFSMC) 
are tested on a cobble wet road. The simulation results are shown in Figure 5-14. As 
shown in Figure 5-14, the braking distance of MSMES-AFSMC is 124.4m and the 
braking distance of COSR-AFSMC 127.6m. Because the optimal slip ratio of cobble wet 
road is 0.18 and it is very close to 0.2, the obtained maximum friction coefficient based 
on MSMES-AFSMC is close to the obtained maximum friction coefficient based on 
COSR-AFSMC. Then the braking distance of MSMES-AFSMC is close to the braking 




Figure 5-15. Braking distances of MSMES-AFSMC and COSR-AFSMC on defined 
road condition. 
Then, the MSMES-AFSMC and the COSR-AFSMC are tested on the defined road. As 
shown in Figure 5-15, the braking distance of MSMES-AFSMC is 83.54m and the 
braking distance of COSR-AFSMC is 96.22m. The MSMES-AFSMC has a better braking 
performance than COSR-AFSMC. The optimal slip ratio of defined road is 0.4. However, 
0.2 is treated as the optimal slip ratio in the COSR-AFSMC. The friction coefficient when 
wheel slip ratio is 0.2 is less than the maximum friction coefficient on the defined road 
condition. And MSMES-AFSMC makes wheel slip ratio work at the optimal slip ratio 
(0.4) and obtains the maximum friction coefficient of the defined road. This makes the 
MSMES-AFSMC’s braking performance better than COSR-AFSMC’s braking 
performance. 
 
Figure 5-16. Braking distances of MSMES-AFSMC and COSR-AFSMC on change 
road condition. 
And then, the MSMES-AFSMC and the COSR-AFSMC are tested on a changing road 
condition. In the first 4s, the vehicle is on cobble wet road. Then the vehicle is on the 
defined road. As shown in Figure 5-16, the braking distance of the MSMES-AFSMC is 
115.6m and the braking distance of the COSR-AFSMC 119.7m. As shown in Table 5-3, 
the braking performance improvement of MSMES-AFSMC on changing road is better 
than cobble wet road and less than the defined road. This is because there is a balance 
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between small improvement in the first 4s on the cobble wet road and large improvement 
on the defined road. 
Table 5-3. Braking distances of MSMES-AFSMC and COSR-AFSMC 
Braking distance (m) Cobble wet road Defined road Changing road 
MSMES-AFSMC 124.4 83.54 115.6 
COSR- AFSMC 127.6 96.22 119.7 
Improvement 2.5% 13.2% 3.4% 
As shown in Table 5-3, the MSMES-AFSMC has better braking performance than the 
COSR- AFSMC under all the road conditions. Especially, when the optimal slip ratio of 
tire-road is far away from 0.2, the braking performance improvement of MSMES-
AFSMC will be more obvious. All the simulations validate that the innovative control 
scheme (MSMES-AFSMC) makes vehicle have a less braking distance and better braking 
performance under different road conditions. 
5.5 Summary 
In this chapter, an innovative control scheme for ABS was proposed. It integrates 
MSMES and AFSMC. The MSMES overcomes the oscillation problem which exists in 
the conventional ESA while keeping the extremum seeking capability. The AFSMC 
makes wheel slip ratio track the obtained optimal slip ratio while the parameters of the 
system are estimated. The integrated control scheme MSMES-AFSMC is able not only 
to search for the optimal slip ratio under different road conditions but also has a better 




CHAPTER 6 New braking torque distribution strategy for 
blended BBW system 
6.1 Introduction  
In this chapter, a new braking torque distribution strategy based on braking actuators’ 
characteristics, motor electrical characteristics and brake command signal is proposed for 
the blended BBW system. The modelling of electrical model of motor is carried out in 
Section 6.2. In Section 6.3, a three-layer controller is introduced for achieving vehicle 
braking control. It includes the proposed braking torque distribution strategy. In Chapter 
4, an observer for the braking torque estimation of the conventional BBW system is 
proposed during the normal braking condition. In addition to the new braking torque 
distribution strategy, an observer is designed for the braking torque estimation of the 
conventional BBW system during the emergency braking. The simulation results are 
provided in Section 6.4. Finally, Section 6.5 draws some conclusions. 
6.2 Vehicle dynamics model 
In order to highlight the braking energy recovery, the reducer is not used in this chapter. 
It is similar to in-wheel motor structure. It simplifies the braking system structure. The 
braking system structure is shown in Figure 6-1. This system is suitable for light load 
vehicle. In order to be better suitable for light load vehicle, a different motor model is 
used in this chapter and motor parameter can be seen in Table 6-1. Different braking 
strategies will be compared under this braking system model. A quarter-vehicle braking 
model is used as research objective. It is same to the vehicle dynamic model used in 




Figure 6-1. Quarter-vehicle blended BBW model. 
As shown in Figure 6-1, the total braking torque is provided by MBS and the conventional 
BBW system. It can be expressed as: 
𝑇𝑏 = 𝑇𝑓 + 𝑇𝑚                                                      (6-1) 
where 𝑇𝑓 is the output braking torque of the conventional BBW system. 𝑇𝑚 is the output 
braking torque of MBS. 
6.2.1 The conventional BBW system model 
Same as analysed in Chapter 4, braking torque response of conventional BBW system is 




𝑒−𝑡𝛿𝑠                                                      (6-2) 
where 𝑇𝑓,𝑐𝑜𝑚𝑑 is the command braking torque of the conventional BBW system. 𝑇𝑓 is the 
output braking torque of the conventional BBW system. 𝜏𝑓 is the dominant time constant 
of the conventional BBW system.  𝑡𝛿 is the input time-delay of the conventional BBW 
system. The relevant parameters are listed in Table 6-1. Compared with the MBS, the 
power consumed by the conventional BBW system is very small and can be ignored. 
124 
 
6.2.2 Motor braking system model 
6.2.2.1 Dynamics model of motor 
Same to Chapter 4, the motor torque can be modelled as a first-order reaction with a small 




                                                         (6-3) 
where 𝑇𝑚,𝑐𝑜𝑚𝑑 is the command braking torque of MBS. 𝜏𝑚 is the time constant of MBS.  
The dynamic characteristics of motor can be tested and the parameter of  𝜏𝑚  can be 
obtained in advanced by experiment [39]. The value of parameter 𝜏𝑚 is listed in Table 6-
1.  
6.2.2.2  Electrical model of motor 
The PMSM electrical model in the blended BBW system is shown in Figure 6-2 (a). The 
functions of each part are described in Chapter 3 and will not repeated here. 
 
Figure 6-2 (a). Motor electrical model in the blended BBW. 
 




Figure 6-2 (c). Steady-state equivalent circuit models in the d and q axes of PMSM. 
The motor characteristic analysis processing and state equations are same to Chapter 3, it 
will not be repeated here. The solutions of the N1, N2 and N3 is shown in Figure 6-3. 
 
Figure 6-3. Graphical visualization of numerical solutions of various constrained 
optimization problems. 
6.3 Controller design 
As shown in Figure 6-4, the control structure consists of three layers. Because of the 
influence of the dynamic characteristics of the actuators, the output braking torque of 
actuators cannot response to command braking torque in time. So it needs the braking 
tracking controller (outer loop controller as shown in Figure 6-4) with strong robustness. 
Because SMC has fast response and strong robustness, the outer loop control adopts input 
constraint based SMC. It is used to calculate the total required braking torque (total 
command braking torque) according to the desired braking performance and vehicle 
states. When the total command braking torque is obtained, the next step is to distribute 
the braking torque to corresponding actuators. The principle of braking torque distribution 
strategy is to ensure the braking performance while maximizing the braking energy 
recovery. Because the input time-delay and output braking torque of the conventional 
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BBW system cannot be measured directly, an observer is needed to estimate the input 
time-delay and output braking torque of the conventional BBW system. Thus the middle 
loop controller has two modules: braking torque distribution strategy and observer. The 
braking torque distribution strategy is designed based on total command braking torque, 
motor electrical characteristics and the dynamic characteristics of the conventional BBW 
system. It is able to automatically adjust the braking torque distribution and achieve the 
maximum braking energy recovery while without affecting the braking performance. In 
the middle loop controller, the observer is used to simultaneously estimate the time-delay 
and output braking torque of the conventional BBW system. The estimation of input time-
delay and output braking torque of the conventional BBW system for the normal braking 
conditions has been introduced in Chapter 3. In this chapter, an observer is designed for 
the braking torque estimation of the conventional BBW system during the emergency 
braking conditions. The estimated parameters can be used in the inner loop control. The 
inner loop controller is used to make actuators track the command braking torque. Due to 
the conventional BBW system has input time-delay, the time-delay estimated based SP is 
used for the conventional BBW system. Because of the motor has fast response and 
usually has a proprietary controller, the motor control will not be considered in this thesis. 
The design details of each part will be introduced in the following parts. 
 
Figure 6-4. Whole braking control structure. 
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6.3.1 Outer loop control 
The control structures are same no matter in emergency braking condition or in normal 
braking condition. The input constraint based SMC is suitable for both braking conditions. 
However, the dynamic model of vehicle and braking control target are different for the 
normal braking and emergency braking as discussed in Chapter 2. Thus the controller 
should be designed separately. There have been many research papers about judging 
whether the braking condition is normal braking or emergency braking [95]. A judging 
method has been introduced in Chapter 5. In this chapter, the braking torque distribution 
strategy is the focus and it is assumed that the braking condition can be automatically 
identified. When the braking condition is normal braking control, braking controller 
designed for the normal braking will be used. When the braking condition switches to the 
emergency braking, the braking controller designed for the emergency braking will be 
adopted. 
6.3.1.1 Braking control in the case of normal braking 
During the normal braking processing, the braking objective is to decelerate the vehicle 
according to driver’s braking intention. When the brake pedal position is given, the 
desired braking deceleration can be obtained. Because the SMC has fast response and 
good anti-disturbance ability, SMC is chosen for the vehicle braking control. In order to 
prepare for the braking torque distribution, the total command braking torque should be 
limited. Thus the input constraint based SMC is designed. The total command braking 
torque is constrained by the sum of the maximum braking torque of the conventional 
BBW system and the maximum braking torque of MBS. 
Because of the influence of actuators’ dynamics (MBS is first-order system and the 
conventional BBW system is first-order delay system), the total command braking torque 
of actuators cannot be achieved in time. The difference between the total command 
braking torque of actuators (𝑇𝑐𝑜𝑚𝑑) and the output braking torque of actuators (𝑇𝑚 + 𝑇𝑓) 
is varying with the change of the command braking torque and the braking torque 
distribution between the different braking actuators. The difference between the 
command braking torque of actuators and the output braking torque of actuators can be 
seen as disturbance and is defined as Δ . And assume that |Δ| ≤ ∆𝑚𝑎𝑥 . ∆𝑚𝑎𝑥  is the 
boundary of disturbance. Then the command braking torque can be represented as 
𝑇𝑐𝑜𝑚𝑑 = 𝑇𝑚 + 𝑇𝑓 − Δ. So the braking torque acting on the wheel can be expressed as: 
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𝑇𝑐𝑜𝑚𝑑 + Δ = 𝑇𝑚 + 𝑇𝑓                                                     (6-4) 








2                                             (6-5) 
Then it can be further rewritten as: 
?̇? = 𝐹1 + 𝐵1𝑇𝑐𝑜𝑚𝑑 − Δ𝐽                                                  (6-6) 
where 𝐹1 = −
𝜌𝐴𝐶𝑑
2𝑚









. As shown in the 
equation (6-6), the influence of the actuators’ dynamics (there is difference between total 
command braking torque and the real output braking torque acting on the wheel) can be 




(−c(𝑣 − 𝑣𝑑) − 𝐹1 − Ω𝑠𝑔𝑛(𝑆1) + ?̇?𝑑 − (𝑐1 − 𝑐)(−𝑐1𝛿1 + 𝛿2) − 𝑐2𝛿2)      
(6-7) 
And the total command braking torque can be obtained: 
𝑇𝑐𝑜𝑚𝑑 = 𝑠𝑎𝑡(𝑇𝑎𝑐𝑜𝑚𝑑) = {
𝑇𝑚𝑎𝑥 ,     𝑇𝑎𝑐𝑜𝑚𝑑 > 𝑇𝑚𝑎𝑥 
𝑇𝑎𝑐𝑜𝑚𝑑,            𝑇𝑎𝑐𝑜𝑚𝑑  ≤  𝑇𝑚𝑎𝑥 
                            (6-8) 
where Ω, 𝑐, 𝑐1  and 𝑐2  are positive numbers.  𝑣𝑑  is the desired vehicle speed. ?̇?𝑑  is the 
desired deceleration of vehicle. When the braking pedal travel and the initial braking 
speed are given, the desired wheel deceleration and desired wheel speed can be 
calculated. 𝑇𝑚𝑎𝑥  is the sum of the maximum braking torque of the conventional BBW 
system and the maximum braking torque of MBS. 𝑆1 is the sliding mode surface. It is 
designed as: 
𝑆1 = ce1 + ė1                                                         (6-9) 
where e1 = ∫(𝑣 − 𝑣𝑑)𝑑𝑡 − 𝛿1.  𝛿1 and 𝛿2 are designed states. They can be expressed as 
follow: 
?̇?1 = −𝑐1𝛿1 + 𝛿2                                                      (6-10a) 
?̇?2 = −𝑐2𝛿2 + 𝑏Δ𝑢                                                    (6-10b) 
where 𝛥𝑢 = 𝑇𝑐𝑜𝑚𝑑 − 𝑇𝑎𝑐𝑜𝑚𝑑. Then the equation (6-10a) and (6-10b) can be written as 
state equation: 
?̇? = 𝐴2𝛿 + 𝐵2Δ𝑢                                                         (6-11) 
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where 𝐴2 = [
−𝑐1 1
0 −𝑐2
] , 𝐵2 = [
0
𝑏
] . 𝑏  is a positive number. Because 𝑐1  and 𝑐2  are 
positive numbers,  lim
𝑡→∞
𝛿1 = 0, lim
𝑡→∞
𝛿2 = 0. In order to prove that the speed of the vehicle 





                                                            (6-12) 
Submitting (6-6) (6-7) and (6-8) into the derivative of V1  and because lim
𝑡→∞
𝛿1 = 0, 
lim
𝑡→∞
𝛿2 = 0, then the derivative of V1 can be obtained as: 
V̇1 = 𝑆1?̇?1 = −Δ𝐽𝑆1 − Ω|𝑆1|                                               (6-13) 
The designed Ω ≥ |Δ𝐽|, then V̇1 ≤ 0  lim
𝑡→∞
𝑣 = 𝑣𝑑 , lim
𝑡→∞
?̇? = ?̇?𝑑. Then the vehicle speed is 
able to track the desired vehicle speed. It also means that the vehicle can meet the 
requirement of deceleration. 
6.3.1.2 Braking control in case of emergency braking 
In the case of emergency braking, the control objective is to make vehicle stop as soon as 
possible. When the wheel slip ratio is the optimal slip ratio, the vehicle can obtain the 
maximum coefficient of friction (as shown in Figure 1-10). Then the vehicle can be 
stopped in the shortest distance. The control objective is to make wheel slip ratio track 
the optimal slip ratio during the emergency braking. Same to the normal braking control, 
there is difference between the command braking torque of actuators (𝑇𝑐𝑜𝑚𝑑) and the 
output braking torque of actuators (𝑇𝑚 + 𝑇𝑓) . The difference can also be seen as 
disturbance and is defined as Δ1. And assume that |Δ1| ≤ ∆𝑚𝑎𝑥1. ∆𝑚𝑎𝑥1 is the boundary 
of disturbance. Then the total command braking torque can be represented as 𝑇𝑐𝑜𝑚𝑑 =
𝑇𝑚 + 𝑇𝑓 − Δ1. According to equations (3-11) (3-12) (3-13) (3-14) (3-15) and (3-16), the 











(𝑇𝑐𝑜𝑚𝑑 + Δ1)                                    (6-14) 
Equation (6-14) can be rewritten as: 
?̇? = 𝐹3 + 𝐵3𝑇𝑐𝑜𝑚𝑑 + Δ1𝑗                                                   (6-15) 







) ?̇?; 𝐵3 =
𝑟𝑒𝑓𝑓
𝐽𝑣
;  Δ1𝑗 =
𝑟𝑒𝑓𝑓
𝐽𝑣




Compared to equations (6-6) and (6-15), it can be seen that their structures of the 
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dynamics equation are same. So the input constraint based SMC can also be adopted for 
the emergency braking. Same to the normal braking control, the auxiliary command 




(−c(λ − λ𝑑) − 𝐹3 − Ω𝑠𝑔𝑛(𝑆2) + ?̇?𝑑 − (𝑐1 − 𝑐)(−𝑐1𝛿1 + 𝛿2) − 𝑐2𝛿2)   
(6-16) 
And the total command braking torque can be obtained: 
𝑇𝑐𝑜𝑚𝑑 = 𝑠𝑎𝑡(𝑇𝑎𝑐𝑜𝑚𝑑) = {
𝑇𝑚𝑎𝑥 ,     𝑇𝑎𝑐𝑜𝑚𝑑 > 𝑇𝑚𝑎𝑥 
𝑇𝑎𝑐𝑜𝑚𝑑,            𝑇𝑎𝑐𝑜𝑚𝑑  ≤  𝑇𝑚𝑎𝑥 
                            (6-17) 
where Ω, 𝑐, 𝑐1 and 𝑐2 are positive numbers and same to the parameters in the case of 
normal braking. λ𝑑 is the optimal slip ratio. ?̇?𝑑 is the derivate of optimal slip ratio. In this 
chapter, assume that the vehicle is driven on one road condition. Thus the optimal slip 
ratio is not changed and  ?̇?𝑑 = 0.  𝛿1 and 𝛿2 are designed states. They can be calculated 
from equation (6-10a) and (6-10b). Same to the analysis in the normal braking 
control, lim
𝑡→∞
𝛿1 = 0, lim
𝑡→∞
𝛿2 = 0.  𝑆2 is the sliding mode surface. It is designed as: 
𝑆2 = 𝑐𝑒2 + ?̇?2                                                              (6-18) 





                                                                 (6-19) 
Submitting (6-14) (6-16) and (6-18) into the derivative of 𝑉2 and because lim
𝑡→∞
𝛿1 = 0, 
lim
𝑡→∞
𝛿2 = 0, then the derivative of 𝑉2 can be obtained as: 
?̇?2 = 𝑆2?̇?2 = −Δ1𝑗𝑆2 − Ω|𝑆2|                                       (6-20) 
The designed Ω ≥ |Δ1𝑗|. Then ?̇?2 ≤ 0. lim
𝑡→∞
λ = λ𝑑, lim
𝑡→∞
λ̇ = λ̇𝑑. Then the wheel slip ratio 
is able to track the optimal slip ratio. The vehicle can be stopped in the shortest distance.  
As analysed in Chapter 1, the optimal slip ratio is unknown in advance. However, the 
optimal slip ratio tracking is the focus in this chapter. The optimal slip ratio seeking has 
been introduced in Chapter 5. 
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6.3.2 Middle loop control 
As shown in Figure 6-4, the command braking torque of the MBS is the difference 
between the total command braking torque and the output braking torque of the 
conventional BBW system. However, the output braking torque of the conventional BBW 
system cannot be measured directly in the blended BBW. The input time-delay also needs 
to be known for the conventional BBW system braking control. Thus an observer which 
is able to simultaneously estimate the input time-delay and output braking torque of the 
conventional BBW system is needed. In addition to observer design, another important 
function of the middle loop control is the braking torque distribution. In the following 
parts, the observer design for the emergency braking condition and braking torque 
distribution strategy will be introduced. 
6.3.2.1 Braking torque observer design for emergency braking condition 
Some parameters do not change during a braking process. These parameters can be used 
in emergency braking even if they are estimated by the observer designed based on 
vehicle normal braking condition. For example: input time-delay of the conventional 
BBW system. The input time-delay is an invariability constant during a braking process. 
However, some parameters estimated by the observer designed based on vehicle normal 
braking condition will be not suitable for the emergency braking condition. For example: 
the output braking torque of the conventional BBW system. Because vehicle dynamic 
model in the case of emergency braking is different from the vehicle dynamic model in 
the case of normal braking and the output braking torque of the conventional BBW system 
changes at any time, the designed observer based on the vehicle dynamic model in the 
case of normal braking is not suitable for emergency braking condition. Thus, only the 
output braking torque of the conventional BBW system needs to be estimated in the case 
of the emergency braking. 
According to equations (3-11) (3-12) (3-13) (3-14) (3-15) and (3-16) the quarter-vehicle 
dynamic equation during the emergency braking can be rewritten as: 
?̇? = 𝐴5𝑢 + 𝐵5                                                    (6-21) 
where 𝑥 = 𝜔𝜔 ;  𝐴5 =
−1
𝐽
 ;  𝐵5 =
−𝑇𝑓+𝑟𝑒𝑓𝑓𝑚?̇?
𝐽
; 𝑢 = 𝑇𝑚.  In this chapter, it is assumed that 
wheel speed and vehicle deceleration can be measured. The motor can achieve precise 
torque control, it is reasonable to assume that 𝑢 = 𝑇𝑚 is known.  To estimate the output 
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braking torque of the conventional BBW system 𝑇𝑓 , 𝐵5 should be estimated first. To 
estimate the 𝐵5, an extended observer is designed as: 
                                 ?̇̂? = 𝐴5𝑢 + ?̂? +




(𝑥 − ?̂?)                                                                 (6-22b) 
where ?̂? is the estimated value of 𝑥. ?̂? is the estimated value of 𝐵5.  
1
= {100 𝑡
3 0 ≤ 𝑡 ≤ 1
100      𝑡 > 1
                                                      (6-23) 
𝛼1, 𝛼2 are positive real numbers. And  𝑠
2 + 𝛼1𝑠 + 𝛼2 satisfy the condition of Hurwitz. 





?̂? = 𝐵5) is shown as follows:  
First, make  




        η2 = 𝐵5 − ?̂? 
then equation (6-22) can be written as: 
η̇1 = ?̇? − ?̇̂? = η2 − 𝛼1η1                                               (6-25a) 
η̇2 = ?̇?5 − 𝛼2η1                                                       (6-25b) 
They can be rewritten as state-space function: 










|𝜆𝐼 − ?̅?| = [
𝜆 + 𝛼1 −1
𝛼2 𝜆
] = 0                                          (6-27) 
then 
 𝜆2 + 𝛼1𝜆 + 𝛼2 = 0                                                     (6-28) 
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Through choosing 𝛼1, 𝛼2 make ?̅? satisfy Hurwitz. Then there exists a symmetric positive 
definite matrix P satisfying Lyapunov: 
?̅?𝑇𝑃 + 𝑃?̅? + 𝑄 = 0                                                   (6-29) 
where 𝑄 is an arbitrary symmetric positive definite matrix. 
Lyapunov function is selected as: 
𝑉0 = 𝜂
𝑇𝑃𝜂                                                            (6-30) 
then 
?̇?0 ≤ −𝜂
𝑇𝑄𝜂 + 2 ‖𝑃?̅?‖‖𝜂‖|?̇?5|                                       (6-31) 
?̇?0 ≤ −𝜆𝑚𝑖𝑛(𝑄)‖𝜂‖
2 + 2 ‖𝑃?̅?‖‖𝜂‖|?̇?5|                          (6-32) 





                                                                  (6-33) 
when equation (6-33) is satisfied, lim
𝑡→∞
?̂? = 𝑥, lim
𝑡→∞
?̂? = 𝐵5 and the 𝐵5 is estimated. After 
the 𝐵5 is estimated, then the ?̂?𝑓 can be calculated. 
6.3.2.2 Braking torque distribution strategy 
There have been many different braking control structures for BBS. The most popular 
control structure for the BBS is shown in Figure 6-5.  
 
Figure 6-5. Whole control system structure. 
As shown in Figure 6-5, the command braking torque of the MBS is the difference 
between total command braking torque 𝑇𝑐𝑜𝑚𝑑 and the estimated output braking torque of 
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the conventional BBW system ?̂?𝑓 . The command braking torque of the conventional 
BBW system 𝑇𝑓,𝑐𝑜𝑚𝑑  is the total command braking torque with the braking torque 
distribution ratio. This structure makes fully use the advantage of fast response of the 
MBS and the advantage of large braking torque of the conventional BBW system. 
In addition to braking control structure, the braking torque distribution strategy has 
important impact on the braking performance and braking energy recovery. Usually the 
braking torque distribution ratio varies with the braking strength [164]. During the normal 
braking condition, the braking system pays more attention to the braking energy recovery. 
In this situation, the braking torque provided by the conventional BBW system is small. 
The MBS provides more braking torque and recover more braking energy. In the case of 
emergency braking, the braking performance is the most important indicator. Because the 
conventional BBW system can provide large braking torque, the conventional BBW 
system is set equal to total command braking torque. The MBS is used to make up for the 
slow response of the conventional BBW system. However, this braking torque 
distribution strategy does not take motor electric characteristics, dynamics characteristics 
of the conventional BBW system and total command braking torque signal into 
consideration. This strategy cannot maximize the recovery of braking energy. 
As discussed in Chapter 3, the solution of N3 is able to make MBS obtain the maximum 
current |𝑖𝑠| at each speed of the motor. It means that the current returning to the power 
system is the largest at each speed. When the current returning to the power system is the 
largest at each speed of the motor, the MBS is able to recover the most braking energy 
during the whole braking procedure. According to Chapter 3, the solution of N3 can be 
converted to braking torque. The braking torque can be defined as the desired braking 
torque 𝑇𝑚𝑜𝑡𝑜𝑟. It means that the vehicle can obtain the maximum braking energy recovery 
when motor braking torque follows the desired braking torque at corresponding speed. 
Compared with the MBS working at non-regenerative braking region, the power 
consumption of the conventional BBW system can be ignored. Based on above analysis, 
the braking torque distribution strategy is mainly influenced by three aspects: total 
command braking torque, the dynamics characteristics of the conventional BBW system 
and the electric characteristics of MBS. The relationship between these three factors 
determines the braking performance and braking energy recovery.  
The total command braking torque can be approximated by the first order approximation. 
It could be more accurate when the total command braking torque is approximated by 
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higher order terms. However, from a practical point of view, it has been arbitrarily 
decided to stop at order one as a tradeoff between problems induced by numerical 
differentiation and approximation precision. Then the total command braking torque can 
be expressed as: 
𝑇𝑐𝑜𝑚𝑑(𝑡 + Δ(𝑡)) ≈ 𝑇𝑐𝑜𝑚𝑑(𝑡) + 𝑘𝑝[𝑡]𝛥(𝑡)                                     (6-34)                                           
where 𝑘𝑝[𝑡] is the slope of the command braking torque signal at time point 𝑡. The slope 
of the signal at time point 𝑡 can be obtained based on the value of last sampling time and 




                                                  (6-35) 
where 𝑇𝑐𝑜𝑚𝑑[𝑡]  is the value of this time sample. 𝑇𝑐𝑜𝑚𝑑[𝑡−1]  is the value of last time 
sample. 𝑡𝑠 is the sampling time. From equation (6-34), it can be seen that the command 
braking torque can be regarded as the composition of the ramp signal and step signal. 
 
Figure 6-6. Schematic diagram of command braking torque. 
As shown in Figure 6-3, the desired braking torque of motor 𝑇𝑚𝑜𝑡𝑜𝑟  also can be 
approximated by the first order approximation and seen as the composition of the ramp 
signal and step signal. It can be expressed as: 
𝑇𝑚𝑜𝑡𝑜𝑟(𝑡 + Δ(𝑡)) ≈ 𝑇𝑚𝑜𝑡𝑜𝑟(𝑡) + 𝑘𝑚[𝑡]𝛥(𝑡)                              (6-36)                                           
where 𝑘𝑚[𝑡] is the slope of the desired braking torque of motor at time point 𝑡. The slope 




                                               (6-37) 
There are three steps for making the braking torque distribution: 
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1. Obtain the desired braking torque of motor 𝑇𝑚𝑜𝑡𝑜𝑟  at the corresponding motor 
speed.  
The MBS is able to recover the most braking energy when the command braking torque 
of motor 𝑇𝑚,𝑐𝑜𝑚𝑑  follows the desired braking torque of motor 𝑇𝑚𝑜𝑡𝑜𝑟 . The desired 
braking torque of motor 𝑇𝑚𝑜𝑡𝑜𝑟 can be obtained based on the solution of N3. 
2. Analysis of braking torque tracking error 
As discussed in Section 6.2, the conventional BBW system can be seen as first-order 
system with time-delay. Compared with the conventional BBW system, the MBS has fast 
response and the tracking error can be ignored. Then the total command braking torque 
tracking error for the blended BBW is mainly caused by the conventional BBW system. 
The command braking torque tracking error caused by the conventional BBW system not 
only because of the signal characteristics of total command braking torque but also 
because of the signal characteristics of desired braking torque of motor.  
If the braking torque of motor wants to follow the desired braking torque of motor while 
without affecting tracking performance of the total command braking torque, the output 
braking torque of the conventional BBW system 𝑇𝑓 should be the difference between the 
total command braking torque 𝑇𝑐𝑜𝑚𝑑 and the desired braking torque of motor 𝑇𝑚𝑜𝑡𝑜𝑟, the 
𝑇𝑓 can be expressed as: 
𝑇𝑓 = 𝑇𝑐𝑜𝑚𝑑 − 𝑇𝑚𝑜𝑡𝑜𝑟                                                  (6-38) 
When the output braking torque of the conventional BBW system follows equation (6-
48), the motor braking torque is the desired braking torque of motor while the total 
command braking torque can be achieved. Then the blended BBW is able to recover the 
most braking energy while without affecting the braking performance. In order to make 
the output braking torque of the conventional BBW system follow equation (6-38), the 
tracking error due to the dynamic characteristics of the conventional BBW system should 
be taken into account. As shown in equation (6-38), both the total command braking 
torque and the desired braking torque of motor should be considered when analyzing the 
conventional BBW system’s tracking error. 
As discussed before, the total command braking torque can be regarded as the 
composition of the ramp signal and step signal. There is no steady tracking error of the 
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conventional BBW system for step signal. For the conventional BBW system, the ramp 
signal tracking error can be expressed as [31]: 
𝑇𝑓,𝑒𝑟𝑟 = 𝑘𝑝[𝑡]𝑡𝛿 + 𝑘𝑝[𝑡]𝜏𝑑𝑓                                                (6-39) 
where 𝜏𝑑𝑓 is the constant value of controlled the conventional BBW system (It can be 
seen in Section 6.2 and is listed in Table 6-1). 𝑇𝑓,𝑒𝑟𝑟 is the total tracking error for the 
command braking torque. The first item on the right side of the equation is the tracking 
error caused by the input time-delay of the conventional BBW system. The second item 
on the right side of the equation is the tracking error caused by the characteristics of the 
conventional BBW system’s first order system.  
In addition to taking into account the tracking error caused by signal characteristics of the 
command braking torque, tracking error caused by signal characteristics of the desired 
braking torque of motor 𝑇𝑚𝑜𝑡𝑜𝑟 should also be considered (As shown in equation (6-38)). 
According to equation (6-38), the tracking error for the conventional BBW system caused 
by the characteristics of desired braking torque of motor can be expressed as: 
𝑇𝑚,𝑒𝑟𝑟 = −𝑘𝑚[𝑡]𝑡𝛿 − 𝑘𝑚[𝑡]𝜏𝑓                                                (6-40) 
where 𝑇𝑚,𝑒𝑟𝑟 is the total tracking error caused by the desired braking torque of motor. 
Then the total tracking error for the conventional BBW system can be calculated as: 
𝑇𝑡,𝑒𝑟𝑟 = 𝑇𝑓,𝑒𝑟𝑟 + 𝑇𝑚,𝑒𝑟𝑟                                                     (6-41) 
The total tracking error for the conventional BBW system is an important indicator for 
the braking torque distribution. It will be introduced in Step 3. 
3. Making the braking torque distribution ratio 
The principle of the braking torque distribution strategy is to make the braking torque of 
motor close to the desired braking torque of motor as much as possible while keeping the 
total command braking torque track precision. As analyzed in the second step, the 
conventional BBW system has the tracking error to the command braking torque of the 
conventional BBW system. The MBS is used to make up for this tracking error. However, 
the MBS not only serves to provide the braking torque but also plays a role of braking 
energy recovery. The best case is the tracking error of the conventional BBW system to 
the total command braking torque signal equal to the desired braking torque of motor. 
Then the motor braking torque is able to make up the tracking error caused by the 
138 
 
conventional BBW system and the motor braking torque is the desired braking torque. 
Then the MBS is able to recover the most braking energy while without affecting the 
tracking performance of the command braking. When the tracking error of the 
conventional BBW system to the total command braking torque signal can be made up 
by the MBS, the braking torque distribution ratio of the conventional BBW system should 
be adjusted for improving energy recovery. The ratio of braking torque distribution is the 
relationship between the total command braking torque and the command braking torque 
of the conventional BBW system and can be expressed as: 𝑖𝑟𝑎𝑡𝑖𝑜 =
𝑇𝑓,𝑐𝑜𝑚𝑑
𝑇𝑐𝑜𝑚𝑑
. The braking 
torque distribution strategy will be introduced in the following part. The braking torque 
distribution ratio is made based on two steps as shown in Figure 6-7. 
(1) if  𝑇𝑡,𝑒𝑟𝑟 ≥ 𝑇𝑚𝑜𝑡𝑜𝑟, it means that the desired braking torque of motor is not able to 
make up the difference between total command braking torque and the output 
braking torque of the conventional BBW system. In order to reduce the tracking 
error, the command braking torque of the conventional BBW system should be 
set equal to the total command braking torque (𝑖𝑟𝑎𝑡𝑖𝑜 = 1). Then the braking 
torque tracking error could be small as much as possible.  
(2) If 𝑇𝑡,𝑒𝑟𝑟 ≤ 𝑇𝑚𝑜𝑡𝑜𝑟 , it means that the desired braking torque of motor is able to 
make up the difference total command braking torque and the output braking 
torque of the conventional BBW system. In this situation, the braking torque 
provided by the conventional BBW system can be turned down a little for 
improving energy recovery. Then it makes the braking torque of motor follow the 
desired braking torque of motor while without affecting the tacking performance 
of the total command braking torque. The ratio of braking torque distribution is 
determined based on the relationship between 𝑇𝑚𝑜𝑡𝑜𝑟  and 𝑇𝑐𝑜𝑚𝑑 + 𝑇𝑡,𝑒𝑟𝑟 . If 
𝑇𝑚𝑜𝑡𝑜𝑟 ≥ 𝑇𝑐𝑜𝑚𝑑 + 𝑇𝑡,𝑒𝑟𝑟, it means that the desired braking torque of the motor is 
enough for meeting the requirement of the total command braking torque. In this 
situation, only the MBS works. The ratio is set as: 𝑖𝑟𝑎𝑡𝑖𝑜 = 0 . If  𝑇𝑚𝑜𝑡𝑜𝑟 ≤
𝑇𝑐𝑜𝑚𝑑 + 𝑇𝑡,𝑒𝑟𝑟, it means that the desired braking torque of motor is not enough to 
meet the requirement of total command braking torque. In this situation, the ratio 
of braking torque distribution is set as: 
𝑖𝑟𝑎𝑡𝑖𝑜 = 1 −
𝑇𝑚𝑜𝑡𝑜𝑟−𝑇𝑡,𝑒𝑟𝑟
𝑇𝑐𝑜𝑚𝑑
                                                       (6-42) 
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Then the braking torque provided by MBS is 𝑇𝑚𝑜𝑡𝑜𝑟 when the transient process is ignored. 
Then the motor can recover the most braking energy. 
 
Figure 6-7. Braking torque distribution strategy. 
According to the proposed braking torque distribution strategy, the blended BBW is able 
to recover the most braking energy while ensuring the braking performance. Because 
there is almost no tracking error for the command signal when the proposed braking 
torque distribution strategy is adopted, this braking torque distribution strategy not only 
can be used in normal braking condition but also can be used in emergency braking 
condition. It makes up for the shortage of the most of braking torque distribution strategies 
that cannot recover braking energy during emergency braking process. 
6.4 Simulation results 
The blended BBW related parameters are listed in Table 6-1. 
Table 6-1. System model parameters. 
Symbol Property Value 
𝑚 mass of quarter-vehicle 300 𝑘𝑔 
𝐶𝑑 Aerodynamic drag coefficient 0.28 
𝐽  the moment of inertia of the wheel 1 𝑘𝑔 ∗ 𝑚2 
𝐴 Front area 2.2 𝑚2 
𝑟𝑒𝑓𝑓  the wheel radius 0.3 𝑚 
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𝜏𝑚 the time constant of motor 0.01 
𝜏𝑓 the time constant of conventional 
BBW system 
0.4 
𝛺 positive constant 5 
𝑐 positive constant 5 
𝑐1 positive constant 5 
𝑐2 positive constant 5 
𝛼1 positive constant 10 
𝛼1 positive constant 10 
𝜓𝑓 Permanent magnet flux linkage 0.192 Wb 
𝑃𝑛 Number of pole pairs 4 
𝑅𝑠 Armature resistance 0.4 Ω 
𝐼𝑚𝑎𝑥 Current vector limit 130A 
𝑈𝑚𝑎𝑥 Duty cycle vector limit 0.707 
𝑣𝑠 DC bus voltage 96 V 
𝜌 Air density 1.29 𝑘𝑔/𝑚3 
𝜏𝑑𝑓 time constant of conventional BBW 
system 
0.01 
The parameters of the tire-road model are listed in Table 6-2. 
Table 6-2. Parameters of cobble wet road. 
Surface condition 𝑓1 𝑓2 𝑓3 
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cobble wet 0.4004 33.708 0.1204 
To the best knowledge of the author, the proposed braking torque distribution strategy 
has not been mentioned before. Under the coordinated control, the blended BBW should 
be able to well track the total command braking torque. Thus the blended BBW is able to 
achieve driver’s braking intention. So the tracking performance of the proposed braking 
torque distribution strategy will be tested first. Different from other braking torque 
distribution strategies, the proposed braking torque distribution strategy is able to adjust 
braking torque distribution ratio according to the motor electrical characteristics, total 
command braking torque and dynamic characteristics of the conventional BBW system. 
Thus the braking energy recovery can be improved. For comparison, the other two 
braking torque distribution strategies will be tested.   
When the braking distance, the initial braking speed of vehicle and terminal braking speed 
of vehicle are fixed, this algorithm cannot improve braking energy recovery through 
adjusting vehicle deceleration. The optimal braking algorithm provided by this chapter is 
aimed to find an optimal braking planning for improving the braking energy recovery. It 
needs deceleration to be adjusted according to different situations. However, the 
deceleration and acceleration of UDDS drive cycle are pre-defined. It cannot be used to 
test the optimal braking algorithm mentioned in this chapter. Thus the UDDS drive cycle 
test is not suitable for this thesis.  
The first one is the most commonly used strategy. In this chapter, it is called as Strategy 
1. It adjusts the braking torque distribution ratio according to the braking strength. When 
the total command braking torque is small (the MBS is able to meet the requirement of 
total command braking torque), only the MBS works. When the total command braking 
torque is big, the command braking torque of the conventional BBW system is set equal 
to the total command braking torque. The command braking torque of MBS is the 
difference between the total command braking torque and the output braking torque of 
the conventional BBW system. To ensure the command braking torque tracking precision, 
the braking torque distribution ratio is designed as: 
𝑖𝑡𝑎𝑡𝑖𝑜 = {
0;    𝑇𝑐𝑜𝑚𝑑 ≤ 50 𝑁𝑚
𝑇𝑐𝑜𝑚𝑑−50
150
;  50 𝑁𝑚 ≤ 𝑇𝑐𝑜𝑚𝑑 ≤ 200 𝑁𝑚
1;  200 𝑁𝑚 ≤ 𝑇𝑐𝑜𝑚𝑑
                           (6-43) 
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As shown in the designed braking torque distribution ratio, only the MBS works when 
the total command braking torque is small (𝑇𝑐𝑜𝑚𝑑 ≤ 50 𝑁𝑚). When the total command 
braking torque is in the range of 50 𝑁𝑚  to 200 𝑁𝑚 , the conventional BBW system 
provides the braking torque in a proportion. When the total command braking torque is 
larger than 200 Nm, the 𝑖𝑡𝑎𝑡𝑖𝑜 is set as 1.  
The other one strategy focuses on the braking energy recovery. In this chapter, it is called 
as Strategy 2. It makes the command braking torque of motor is equal to the desired 
braking torque of motor. The command braking torque of the conventional BBW system 
is set as the difference between the total command braking torque and desired braking 
torque of motor.  
In the first test, the desired braking torque of motor is set as the constant braking torque 
50𝑁𝑚 for the sake of simplicity (the real desired braking torque of motor is the solution 
of N3 as discussed in Section 6.2 and shown in Figure 6-3). Assume that the braking 
energy recovery is proportional to the desired braking torque. It means that the closer the 
braking torque of motor to the desired braking torque of motor, the more braking energy 
recovery. In other words, the difference between desired braking torque and braking 
torque of motor can be used as a measure index of the braking energy recovery. When 
the difference is big, the recovered braking energy is small. When the difference is small, 
the recovered braking energy is large. 
In this test, two kinds of the total command braking torque signal are adopted. The first 
is a sinusoidal signal with amplitude of 500Nm and frequency of 1 rad 𝑠⁄ . Since the 
braking torque is positive, only the positive part of the sinusoidal signal is used. The other 
total command braking torque signal is set as: the total command braking torque increases 
from 0 Nm to 500 Nm at the first 3 seconds. Then the total command braking torque 
keeps at 500Nm for 3 seconds. Then the total command braking torque decreases to  
200Nm in 2 seconds. Then the total command braking torque keeps at 200 Nm for 2 
seconds. The three braking torque distribution strategies will be compared in aspects of 
command signal tracking performance and braking energy recovery under the proposed 
two kinds of total command braking torque signal. The simulation results are shown in 




Figure 6-8 (a). Tracking performance for sinusoidal signal. 
 
Figure 6-8 (b). Motor braking torque under different strategies for sinusoidal signal. 
 




Figure 6-9 (b). Motor braking torque under different strategies for variable signal. 
As shown in Figure 6-8 (a) and Figure 6-9 (a), both Strategy 1 and the proposed strategy 
have good total command braking torque tracking performance. However, the proposed 
strategy has better tracking performance than Strategy 1 for the desired braking torque of 
motor (as shown in Figure 6-8 (b) and Figure 6-9 (b)). It means that the proposed strategy 
is able to recover more braking energy. Compared with the proposed strategy, Strategy 2 
has almost same tracking performance for the desired braking torque of motor (As shown 
in Figure 6-8 (b) and Figure 6-9 (b)). However, Strategy 2 has a clear delay for the total 
command braking torque tracking (As shown in Figure 6-8 (a) and Figure 6-9 (a)). It will 
seriously affect vehicle braking. Thus Strategy 2 is not suitable for the vehicle braking 
control. 
Table 6-3. Simulation results for the sinusoidal signal. 
Sinusoidal signal Proposed 
strategy 
Strategy 1 Strategy 2 
Accumulation of desired motor 
torque tracking error 
40.7 487.7 17.97 
Accumulation of command 
braking torque tracking error 




Table 6-4. Simulation results for the variable signal. 
Variable signal Proposed 
strategy 
Strategy 1 Strategy 2 
Accumulation of desired motor 
torque tracking error 
10.93 466.9 8 
Accumulation of command 
braking torque tracking error 
1.381 1.71 82.5 
As shown in Table 6-3 and Table 6-4, the proposed strategy has better tracking 
performance for the total command braking torque than the Strategy 2 no matter in 
sinusoidal signal or variable signal (accumulation of command braking torque tracking 
error of the proposed strategy is smaller than the Strategy 2). It also can be seen from 
Table 6-3 and Table 6-4 that the proposed strategy is able to recover more braking energy 
than Strategy 1. Considering command braking torque tracking performance and braking 
energy recovery two indicators, the proposed strategy is the best braking torque 
distribution strategy.  
To further verify the effectiveness of the proposed strategy, the proposed strategy is tested 
on the whole vehicle braking system (the whole vehicle braking control structure is shown 
in Figure 6-5). Because Strategy 2 has clear delay for the command braking torque 
tracking, it will make the braking system control unstable and not be used as control group. 
For comparison, Strategy 1 will be used as control group. The control structure is also 
same to the structure shown in Figure 6-5. The only difference is the braking torque 
distribution strategy. These two braking torque distribution strategies will be compared 
in normal braking condition and emergency braking condition. Simulation results in the 




Figure 6-3(a). Simulation results of motor braking torque in the case of emergency 
braking. 
 
Figure 6-4 (b). Simulation results of braking energy recovery in the case of emergency 
braking. 
 
Figure 6-5(c). Simulation results of breaking torque distribution ratio in the case of 
emergency braking. 
 
Figure 6-6 (d). Simulation results of command breaking torque tracking performance in 
the case of emergency braking. 
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As shown in Figure 6-10 (a), the proposed strategy is able to make the motor braking 
torque well track the desired braking torque of motor. However, Strategy 1 has worse 
tracking performance for the desired braking torque of motor. It makes Strategy 1 have 
less braking energy recovery than the proposed strategy (as shown in Figure 6-10 (b)). 
There is a sudden change in 0.7𝑠  when the braking distribution strategy adopts the 
proposed strategy. This is because the command braking torque suddenly becomes small 
at 0.7𝑠 (as shown in Figure 6-10 (d)). The response speed of the conventional BBW 
system is slow. Although the braking torque distribution ratio is reduced at 0.7𝑠  (as 
shown in Figure 6-10 (c)), the braking torque reduced by the conventional BBW system 
cannot keep up with the decrease of the command braking torque. For ensuing the 
command braking torque tracking performance, the MBS reduces its braking torque (as 
shown in Figure 6-10 (a)). It also can be seen from Figure 6-10 (c) that the braking torque 
distribution ratio is a change value with the time. As shown in Figure 6-10 (d), the 
command braking torque is a constant after 1s. In order to make the motor braking torque 
follow the desired braking torque of motor and keep the blended BBW system’s output 
braking torque track the command braking torque, the braking torque distribution ratio is 
increased for compensating for the decreased motor braking torque (as shown in Figure 
6-10 (c)). The simulation results show that the braking torque distribution strategy can 
ensure tracking performance of the command braking torque (as shown in Figure 6-10 
(d)) while ensuring the tracking performance of the desired braking torque of motor (as 
shown in Figure 6-10 (a)). 
During the normal braking, the desired deceleration of vehicle is set as: 2𝑚 𝑠2⁄ . The 
simulation results are shown in Figure 6-11 and summarized in Table 6-5. 
 




Figure 6-8 (b). Simulation results of braking energy recovery in the case of normal 
braking. 
 
Figure 6-11 (c). Simulation results of breaking torque distribution ratio in the case of 
normal braking. 
 
Figure 6-9(d). Simulation results of command breaking torque tracking performance in 
the case of normal braking. 
As shown in Figure 6-11 (a), the proposed strategy has better tracking performance than 
Strategy 1 for the desired braking torque of motor. It makes the proposed strategy to be 
able to recover more braking energy than Strategy 1 (as shown in Figure 6-11 (b)). In the 
initial stage, the braking torque of motor is not the desired braking torque of motor under 
the proposed braking torque distribution strategy (As shown in Figure 6-11 (a)). This is 
because the command braking torque is small during the initial stage (As shown in Figure 
6-11 (d)) and the braking torque of motor follows the command braking torque. Same to 
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the emergency braking condition, the proposed braking torque distribution strategy is able 
to make the blended BBW well track the command braking torque (as shown in Figure 
6-11 (d)) through adjusting the braking torque distribution strategy (as shown in Figure 
6-11 (c)).  
Table 6-5. Braking energy recovery. 
Braking energy recovery (J) Proposed strategy Strategy 1 
Emergency braking 5749 3123 
Normal braking 3.47 ∗ 104 2.99 ∗ 104 
As shown in Table 6-5, the proposed braking torque distribution strategy is able to recover 
more braking energy than Strategy 1 no matter in emergency more or in normal braking.  
All these simulation results prove that the proposed braking torque distribution strategy 
is able to improve the braking energy recovery while without affecting total command 
braking torque tracking performance. 
6.5 Summary 
In this chapter, a new braking torque distribution strategy is designed for the blended 
BBW systems of the MBS and the conventional BBW system. The new braking torque 
distribution strategy is designed on the basis of analysis of characteristics of total 
command braking torque, dynamic characteristics of the conventional BBW system and 
the electrical characteristics of the motor. It is able to recover the most braking energy 
while without affecting the braking performance. Even in the case of emergency braking, 
the proposed strategy is able to recover more braking energy. In addition to the new 
braking torque distribution strategy, a three-layer controller is designed. It is used to 
achieve the blended BBW system’s vehicle braking control.  The simulation results show 
that the designed controller is able to make the blended BBW system well track the 





CHAPTER 7 Novel MRB and experimental platform 
7.1 Introduction 
As discussed in previous chapters, BBS has many advantages. In addition to MBS, EHB 
is one usually adopted braking system in the blended BBW systems. However, the 
structure of EHB is complex, the cost of EHB is high and the response speed of EHB is 
slow. Thus a new braking system is necessary to replace the conventional EHB. In this 
chapter, a novel MRB is designed. It not only has simple structure and fast response but 
also solves the problem of heat generated by zero-applied field friction torque during 
vehicle cruising which exists in conventional MRB. Initially, the design of two-way 
controllable overrunning clutch based MRB is discussed in Section 7.2. The hardware 
and software components designed for the test rig and the test results are introduced in 
Section 7.3. Finally, some conclusions are drawn in Section 7.4. 
7.2 Novel MRB  
Single disc-type MRB was selected for an easy-to-make design and has advantages of 
weight and compactness [45]. Considering the limited space, the single disc-type MRB 
is the most commonly used form for vehicle braking. The introduction of the single disc-
type MRB has been explained in Chapter 1. It will not be expounded here. In this thesis, 
single disc-type MRB is adopted. In order to solve the existing problem of the convention 
MRB (as discussed in Chapter 1), a novel MRB is proposed and the schematic diagram 
of novel MRB is shown in Figure 7-1. A test platform is designed to test and validate the 
novel MRB.  
The novel MRB mainly consists of three parts as shown in Figure 7-1. They are two-way 
overrunning clutch, electromagnetic clutch and single disc-type MRB respectively. These 
three parts work together to achieve braking control objectives. Through adjusting 
working state of two-way overrunning clutch, the novel MRB is able to achieve zero 
frictional torque in the off-state condition by disengaging single disc-type MRB from the 
drive shaft. Thus there is no relative movement between the friction disc and the housing 
(left sleeve of brake disc and right sleeve of brake disc as shown in Figure 7-3). Thus 
there is no heat generated by friction during the vehicle cruising. It is also able to achieve 
a controllable frictional torque in the on-state condition by coordinated control of two-
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way overrunning clutch, electromagnetic clutch (as shown in Figure 7-2) and magnetic 
field applied to the MRB.  
 
Figure 7-1.  Schematic diagram of the novel MRB. 
 
Figure 7-2. Electromagnetic clutch. 
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The details of the novel MRB can be seen in Figure 7-3, Figure 7-4, Figure 7-5 and Table 
7-1. Figure 7-3 is an assembly drawing. Figure 7-4 is the manufactured components of 
the novel MRB. Figure 7-5 is the physical map. Table 7-1lists all the parts. 
 
Figure 7-3. Diagram of novel MRB. 
 




Figure 7-5. Physical map of novel MRB. 
Table 7-1. Part list of novel MRB. 
Item Qty Part Name Material Selection 
1 1 Shaft Low carbon steel 
2 1 Overrunning clutch inner ring Low carbon steel 
3 1 Overrunning clutch control ring Low carbon steel 
4 1 Right sleeve of control ring Low carbon steel 
5 1 Left sleeve of control ring Low carbon steel 
6 1 Retaining ring 1 Low carbon steel 
7 1 Bearing sleeve 1 Low carbon steel 
8 1 Overrunning clutch outer ring Low carbon steel 
9 1 SKF 6305 Stainless Steel 
10 1 Retaining ring 2 Low carbon steel 
11 2 Friction disc retaining ring Low carbon steel 
12 1 Friction disc Low carbon steel 
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13 1 end cap Low carbon steel 
14 1 Left sleeve of brake disc Low carbon steel 
15 1 Retaining ring 3 Low carbon steel 
16 1 SKF 16016 Stainless Steel 
17 1 Retaining ring 4 Low carbon steel 
18 1 Retaining ring 5 Low carbon steel 
19 1 Right sleeve of brake disc Low carbon steel 
20 1 Bearing end cap  Low carbon steel 
21 1 First outer ring  6061 Al 
22 1 Excitation part of electromagnetic 
clutch  
 
23 1 Connecting plate Low carbon steel 
24 1 Aluminum plate 6061 Al 
25 1 Iron plate Low carbon steel 
26 1 Retaining ring 6 Low carbon steel 
27 1 SKF 6205 Stainless Steel 
28 1 Retaining ring 7 Low carbon steel 
29 1 Bearing sleeve 3 Low carbon steel 
30 1 Second outer ring Low carbon steel 
31 6 roller Low carbon steel 
32 1 Special shape spring 65M 
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Different with the conventional MRB, a control mechanism is added in the novel MRB. 
The novel MRB is developed on the basis of conventional single disc-type MRB. The 
details of working principle of the novel MRB will be described in the following sections. 
7.2.1 Working principle of two-way overrunning clutch 
Two-way overrunning clutch is the most important part of the two-way controllable 
overrunning clutch based MRB. Overrunning clutch is a common mechanical part. It is 
widely used in industry. The reason for choosing two-way overrunning clutch is because 
the vehicle can be reversed or forwarded.  
First, the working principle of the two-way overrunning clutch is discussed. The structure 
diagram and physical diagram of two-way overrunning clutch designed are shown in 






Figure 7-6. Diagram of two-way overrunning clutch. 
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As shown in Figure 7-6, the two-way overrunning clutch is composed of overrunning 
clutch outer ring, overrunning clutch control ring, overrunning clutch inner ring and roller. 
Figure 7-7 shows the two working states of two-way overrunning clutch. As shown in 
Figure 7-7, the two-way overrunning clutch has two working states: idling and driving.  
                      
(a)                                          (b)                                     (c) 
Figure 7-7. Working principle diagram of two-way overrunning clutch. 
When the two-way overrunning clutch works at the idling state (as shown in Figure 7-7 
(b)), the roller rotates with the overrunning clutch inner ring under the action of the 
overrunning clutch control ring. At this state, the rollers are out of touch with the 
overrunning clutch outer ring. Thus there is no force transmission between the 
overrunning clutch outer ring and overrunning clutch inner ring. It means that the rotation 
of overrunning clutch inner ring and overrunning clutch outer ring does not affect each 
other. When the overrunning clutch inner ring rotates in either direction, the overrunning 
clutch outer ring can be fixed without rotation. Then the function of zero frictional torque 
in the off-state condition is achieved by disengaging the MRB from the drive shaft. Thus 
there is no heat generated by friction during vehicle cruising.  
When the two-way overrunning clutch works at the driving state (as shown in Figure 7-7 
(a) and Figure 7-7 (c)), the rollers touch with the overrunning clutch outer ring under the 
action of the overrunning clutch control ring. At this state, the rotation of overrunning 
clutch inner ring drives the overrunning clutch outer ring to rotate. When an external 
torque is applied to the overrunning clutch outer ring, the external torque can also be 
transferred to the overrunning clutch inner ring through rollers.  
7.2.2 Combination of two-way overrunning clutch and MRB 
As discussed in Section 7.2.1, the two-way overrunning clutch can work at two states: 
idling and driving. When the two-way overrunning clutch works at idling state, there is 
no force and rotation transmission between the overrunning clutch outer ring and 
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overrunning clutch inner ring. When the two-way overrunning clutch works at driving 
state, the force and rotation can be transferred between the overrunning clutch outer ring 
and overrunning clutch inner ring. In order to make use of this property, the combination 
of two-way overrunning clutch and MRB is proposed. The structure of the combination 
of two-way overrunning clutch and MRB is shown in Figure 7-8. 
               
(a)                                            (b) 
Figure 7-8. Diagram of the combination of two-way overrunning clutch and MRB. 
As shown in Figure 7-8, the rotating disc of MRB is connected with the overrunning 
clutch outer ring through a key and the driving shaft is connected with the overrunning 
clutch inner ring through a key. The sleeve of brake disc 13 and 14 are fixed on the vehicle 
body. During the vehicle cruising, the two-way overrunning clutch works at idling state. 
Thus the overrunning clutch outer ring does not rotate during the vehicle cruising. Then 
there is no friction and relative motion between rotating disc of MRB and MRF. Thus 
there is no heat generated by friction during the vehicle cruising. The function of zero 
frictional torque in the off-state condition is achieved. When the vehicle is braking, the 
two-way overrunning clutch works at driving state by adjusting the overrunning clutch 
control ring. Then roller is connected with the overrunning clutch outer ring (as shown in 
Figure 7-7 (a) and Figure 7-7 (c)). The overrunning clutch outer ring rotates under the 
driving of driving shaft. In this situation, the braking torque can be transferred to the 
overrunning clutch inner ring and driving shaft through the roller when applying a 
magnetic field to the MRB. Then the vehicle brakes. By adjusting the magnetic flied 
applied to the MRB, the braking torque can be controlled. Thus the braking torque 
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transferred to the driving shaft is controlled. Then the function of controllable frictional 
torque in the on-state condition is achieved.  
7.2.3 Function of the overrunning clutch control ring 
As discussed in Section 7.2.1 and Section 7.2.2 the two-way overrunning clutch has two 
working states. In order to achieve two-way overrunning clutch state switching, a control 
mechanism is designed in this thesis. The control mechanism is mainly composed of 
electromagnetic clutch, connecting plate, left sleeve of control ring, right sleeve of control 
ring, overrunning clutch control ring, iron plate, aluminum plate and special shaped 
spring (as shown in Figure 7-9 (a), (b), (c) and (d)).  
 
(a)                                                                   (b) 
       




            
(e)                                                                (f) 
Figure 7-9. Diagram of control mechanism of overrunning clutch control ring.         
As shown in Figure 7-9 (b) and Figure 7-9 (c), overrunning clutch control ring is 
connected with the right sleeve of control ring by screws. The special shaped spring is 
placed in the slot of the right sleeve of control ring and overrunning clutch inner ring as 
shown in Figure 7-9 (b) and Figure 7-9 (d). As shown in Figure 7-9 (c), the left sleeve of 
control ring and overrunning clutch control ring are fixed together by screws. The left 
sleeve of control ring is connected with connecting plate through the notch (as shown in 
Figure 7-9 (e)). The left sleeve of control ring and the connecting plate can have relative 
motion in axial direction. The connecting plate is fixed with the aluminium plate by 
screws. And the aluminium plate fixed with the iron plate by screws.  
As discussed in Section 7.2.1, the working states switching of the two-way overrunning 
clutch is achieved by controlling the position of roller relative to the overrunning clutch 
inner ring (as shown in Figure 7-7). When the electromagnetic clutch is not energized, 
the iron plate is separated from the friction disc of electromagnetic clutch by spring (as 
shown in Figure 7-9 (a)). In this situation, the overrunning clutch inner ring makes the 
left sleeve of control ring, the connecting plate, aluminum plate and iron plate rotate with 
the help of special shaped spring force and the right sleeve of control ring. It is able to 
keep the roller in middle position (as shown in Figure 7-9 (b) and Figure 7-9 (d)). It 
corresponds to the idling state of two-way overrunning clutch. 
When the electromagnetic clutch is energized, iron plate will be sucked. In this situation, 
the connecting plate and aluminum plate will also be sucked to the left. The state of 
connecting plate and left sleeve of control ring is shown in Figure 7-9 (f) when 
electromagnetic clutch is energized. Although they have relative motion in the axial 
direction, connecting plate and left sleeve of control ring keep connection through the 
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notch (as shown in Figure 7-9 (f)). Thus the friction force between friction disc of 
electromagnetic clutch and iron plate can be transferred to the right sleeve of control ring 
through the connecting plate aluminum plate, left sleeve of control ring and overrunning 
clutch control ring. This friction force will cause the special shaped spring to deform. 
Then the roller is squeezed on either side (as shown in Figure 7-7 (a) and Figure 7-7 (c)). 
Then the two-way overrunning clutch works at driving state. 
Based on the above analysis, the two-way controllable overrunning clutch based MRB 
can achieve the function of near zero frictional torque in the off-state condition by 
disengaging the electromagnetic clutch. The function of controllable frictional torque in 
the on-state condition can be achieved by engaging the electromagnetic clutch and the 
controlling the magnetic field applied to the MRB. 
7.2.4 Braking torque analysis 
The work principle of the two-way overrunning clutch based MRB is analysed in the 
previous parts. In this thesis, the designed two-way overrunning clutch based MRB is 
mainly used to achieve the function of zero frictional torque during vehicle cruising and 
the function of controllable braking torque during the vehicle braking. The torque analysis 
of two-way overrunning clutch based MRB is just as a preparation before the experiment. 
In this section, the braking torque capability is analysed. The structure optimization is not 
the focus of this thesis. 
As shown in Figure 7-1, the designed two-way overrunning clutch based MRB is a single 
disc-type MRB. The key question in the design of the MRB is to establish a relationship 
between the braking torque and the parameters of the structure and the magnetic field 
strength.  Then this relationship can be used to develop braking control algorithm. As 
shown in Figure 7-10 (a), the braking torque mainly comes from two sources: the friction 
between the MRF and the end-face of the disc (section 1) and the friction between the 
MRF in the annular duct and the outer cylinder of the disc (section 2). The principal 
geometric dimensions of the disc-type MRB are shown in Figure 7-10 (b) and relevant 




Figure 7-10 (a). Structural partition of the new MRB. 
 
Figure 7-11 (b). Principal dimension of the new MRB. 
Firstly, the friction between MRF and the end-faces of the disc is analysed. Consider a 
small ring element of MRF in the gap between the disc and the housing as shown in Figure 
7-11.  
 
Figure 7-12. Annular ring element of MRF in the gap. 
The induced frictional moment acting on the element can be defined as follows [61]: 
𝑑𝑇 = 2𝜋𝑟2𝜏𝑧𝑑𝑟 + 2𝜋𝑟
2𝜏𝑟𝑑𝑧                                               (7-1) 
162 
 
The induced torque can be obtained as follows: 




+ 2𝜋 ∫ 𝑟2𝜏𝑧𝑑𝑟
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                                     (7-2b) 
where 𝑇1 and 𝑇2 are the induced torques in sections 1 and 2, respectively. As shown in 
Figure 7-10 (b),  𝑑0 and 𝑑 are very small compared to the disc radial width (𝑟𝑜 − 𝑟𝑖) and 
thickness (𝑏𝑑). Thus equation (7-2) can be rewritten as follows: 









                                                       (7-3b) 
The MRF behavior is modeled using the constitutive Herschel–Bulkley model, which can 
predict the MRF behavior well under high shear rate conditions [60]. The Herschel–
Bulkley model in the tangential direction can be expressed as follows: 
𝜏 = 𝜏𝑦 + 𝐾?̇?
𝑛                                                         (7-4) 
where 𝜏  and 𝜏𝑦  are the shear stress and yield stress of the MRF, respectively. The 
exponent 𝑛 is the flow behavior index and 𝐾 is the consistency. ?̇? is the shear rate of the 








                                                               (7-5b) 
By substituting equations (7-4) and (7-5) into equation (7-3), the torque induced by the 
MRB can be obtained as follows: 






















                                       (7-6b) 
where 𝑛0  and 𝐾0  are the behavior index and the consistency of the MRF under zero 
magnetic field. In section 2, because the magnetic intensity across the annular duct of 
MRF is very small, the yield stress in the annual duct can be neglected. Then, the total 
braking torque 𝑇𝑏 can be obtained as follows:   
163 
 

















         
(7-7) 
For the convenience of calculating the braking torque, it is assumed that the magnetic 
density is constant, irrespective of changes in the function of 𝑟. The values of 𝜏𝑦, 𝐾 and 
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where 𝜇𝑒𝑞 = 𝐾(
𝑟0?̇?
𝑑
)𝑛−1  is the equivalent viscosity of the MRF. When current is not 















)𝑛0                                 (7-9) 
where 𝜇𝑒𝑞 = 𝐾0(
𝑟0?̇?
𝑑
)𝑛0−1 is the equivalent viscosity of the fluid under zero magnetic 
field.  
To design the MRB, the rheological properties of the MRF are firstly estimated, such as 
the yield stress 𝜏𝑦 , flow behaviour index (𝑛) and consistency 𝐾 . As mentioned, the 
rheological properties are a function of the applied magnetic density and can be calculated 
as follows [61]: 
𝑌 = 𝑌∞ + (𝑌0 − 𝑌∞)(2𝑒
−𝐵𝛼𝑆𝑌 − 𝑒−2𝐵𝛼𝑆𝑌)                                (7-10) 
where 𝑌, 𝑌0 and 𝑌∞ are the  rheological parameters, the zero applied field value and the 
saturation value, respectively. 𝐵 is the magnetic density and 𝛼𝑆𝑌 is the saturation moment 
index of the 𝑌 parameter. MRF 132-DG made by Lord Corp. is used. And its rheological 
parameters under zero-magnetic-field and saturation conditions are experimentally 
obtained as shown in Table 7-2. 

















𝑏𝑑 6 mm 
𝑟𝑖 80 mm 
𝑟0 110 mm 
𝑑0 1 mm 
𝑑 1 mm 
ℎ𝑐 10 mm 
𝑤𝑐 25 mm 
 
The yield stress 𝜏𝑦 of the novel MRB can be obtained by FEA. The analysis conditions 





Figure 7-13. Finite element model of new MRB. 
Figure 7-13 and Figure 7-14 show the magnetic induction lines and magnetic flux density 
distribution of the new MRB with 2.0A applied current respectively. 
 




Figure 7-15. Magnetic flux density distribution of the novel MRB with 2.0A current. 
Because the magnetic flux density is considered as equally distribution between MRF 
gaps. Therefore, the magnetic flux density was determined by the average magnetic flux 
density of at each centre point of fluid gap between the disk and housing. The relationship 
between braking torque and applied current from 0.2A to 3.0A is shown in Figure 7-15. 
 
Figure 7-16. Braking torque versus applied current. 
The braking torque analysis of the novel MRB obtained by FEA can be used for 
experimental design and verification. As shown in Figure 7-15, the braking torque is 
about 72𝑁𝑚 when the applied current is 1𝐴. The braking torque is about 103𝑁𝑚 when 
the applied current is 1.5𝐴. 
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7.3 Experimental platform design 
7.3.1 Motor 
Because this is a prototype development, a small power motor is adopted. PMSM is 
widely used with the advantage of high power density and high efficiency. Thus PMSM 
is used in this thesis (as shown in Figure 7-16). 
 
Figure 7-17. PMSM. 
This PMSM is produced by Goldenmotor. The rated power of selected motor is 3KW. 
The motor can provide driving torque and braking torque.  
7.3.2 Motor controller 
In order to achieve motor control, a high quality motor controller is needed. In this thesis, 
Roboteq’s MBL1660A is selected as the motor controller. It can be seen in Figure 7-17. 
Figure 5-18 shows the interface diagram of the controller software. 
 




Figure 7-19. Interface diagram of the controller software. 
There are some key features about this controller: 
• Full forward and reverse motor control. Four quadrant operation. Supports regeneration. 
• Accurate speed and odometry measurement using Hall Sensor or encoder data. 
• Open loop or closed loop speed control operation. 
7.3.2.1 Torque and speed sensor 
During the braking test, the braking system’s braking torque should be measured for the 
novel MRB test. In this thesis, the torque and speed sensor is adopted (as shown in Figure 
7-19). It is able to measure speed and torque at the same time. 
 
Figure 7-19. Torque and speed sensor. 
There are some key features about the torque and speed sensor: 
The range of torque sensor is 0~200𝑁𝑚.  
The precision of sensor:0.5% 𝐹 ∙ 𝑆.   
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Applicable speed: 8000 𝑟 𝑚𝑖𝑛⁄ .  
Output signal: 0~12 𝑉  square wave frequency signal. 0 𝑁𝑚  corresponds to 10 𝐾𝐻𝑧 . 
200𝑁𝑚 corresponds to 15 𝐾𝐻𝑧. −500𝑁𝑚 corresponds to 5 𝐾𝐻𝑧.  The signal can also 
be transferred into 1~5𝑉. 
7.3.2.2 myRIO-1900 
In this thesis, the real-time control board (Model: myRio-1900) is adopted. It is 
manufactured by the National Instrument Corporation, as shown in Figure 7-20. 
 
Figure 7-20. myRIO-1900. 
One computer with LABVIEW software is used in the test. The computer is used to 
program myRIO. myRIO is used to control the motor speed, the current applied to the 
MRB, the electromagnetic clutch switch and receive signals from the torque sensor. 
7.3.3 Power source 
The Lithium Battery is used as power source in this thesis. The Lithium Battery (Model 




Figure 7-21. Lithium battery. 
Key features: 
Capacity: 48Vdc 30AH. 
Max Discharge Current: 90A. 
Max Continuous Discharge Current: 60A. 
Charging Cycles: >1000 times. 
7.3.4 Experimental test platform 
In this thesis, the test platform is used to test the designed two-way overrunning clutch 










Figure 7-22. Test rig. 
To measure the response time and braking torque of the designed two-way overrunning 
clutch based MRB, the whole  test rig includes PC, real-time control board (Model: 
myRIO-1900), torque sensor, two power amplifiers, one current amplifier, reducer, motor, 
motor controller, battery, the designed novel MRB and a controllable switch as shown in 
Figure 7-22 (b). The physical map of the test rig is shown in Figure 7-22 (c).  
In this test platform, one computer with LABVIEW software is used to record test data 
and write system test program. The program is implemented in myRIO. The myRIO is 
used to realise data acquisition and command signal sending. As shown in Figure 7-22 
(b), it sends speed command signal to the motor controller, braking signal command to 
electromagnetic clutch and current command signal to current amplifier. It also can be 
used to receive the braking torque signal from torque sensor. The motor controller with 
PID algorithm can realise speed control. To measure the braking torque directly, a torque 
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sensor with the maximum range of 500𝑁𝑚 is used. In this test rig, a 3kw PMSM is 
adopted. Since the rated torque of this motor is only 10𝑁𝑚, a reducer with a speed ratio 
of 16 is used. The reducer is used to extend the torque capability of the motor. The current 
amplifier can output the corresponding current according to the command signal from the 
myRIO. It is used to control the magnetic field applied to the MRF. Then the braking 
torque can be controlled. Then the relationship between the current and braking torque 
can be built. One of the power amplifiers is used to supply the sensor. Another power 
amplifier is used to supply the electromagnetic clutch.  
Before the evaluation, the novel MRB is rotated at a speed of 120 𝑟𝑝𝑚 for 1min without 
applying current to distribute the MR particles uniformly. In the first test, the zero-
magnetic field braking torque of the novel MRB is tested. During the test, the motor 
operates at constant speed under the control of the motor controller. The speed of novel 
MRB is 60 𝑟𝑝𝑚. The electromagnetic clutch is disengaged and no current is applied to 
the coil of novel MRB. It makes the two-way overrunning clutch work at the idling state. 
It corresponds to the vehicle cruising. The measured torque is shown in Figure 7-23.  
 
Figure 7-23. Measured zero-magnetic field braking torque at cruising speed of 60 rpm. 
As shown in Figure 7-23, the zero-magnetic field braking torque of the novel MRB is 
about 4.7 𝑁𝑚. It is a very small value. It is mainly caused by the inertia load of the two-
way overrunning clutch and possible installation friction. At this state, the overrunning 
clutch outer ring is not rotating. Because the overrunning clutch outer ring is not rotating, 
there is no relative motion between rotating disc and MRF. Thus there is no friction 
between rotating disc and MRF and no heat generated by friction between MRF and 
rotating disc. The problem of heat generated by friction between MRF and rotating disc 
during vehicle cruising is solved. And the function of near zero frictional torque during 
vehicle cruising is achieved.  
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In the second test, the response time and braking torque of electromagnetic clutch (as 
shown in Figure 7-2) are tested. According to the electromagnetic clutch manual, the 
response speed of this electromagnetic clutch is 100𝑚𝑠 and the rated torque is 20𝑁𝑚. In 
this test, the novel MRB is set as a speed of 60 𝑟𝑝𝑚. At the 1st second, the braking 
command is sent to electromagnetic clutch and no current is applied to the MRB. The 
measured response speed and braking torque of electromagnetic clutch is shown in Figure 
7-24. 
 
Figure 7-24. Measurement of response time and braking torque of electromagnetic 
clutch. 
When the braking command is sent for about 90𝑚𝑠, the measured braking torque remain 
unchanged as shown in Figure 7-24. This is because the clutch has an empty stroke. The 
time response of system is evaluated by defining the response time to reach 63.2% of the 
steady-state value. As shown in Figure 7-24, the response speed of the electromagnetic 
clutch is about 100𝑚𝑠. It is close to the response speed written in the instruction. The 
measured braking torque is about 23.5 𝑁𝑚. It is larger than the rated braking torque of 
electromagnetic clutch. This is because the measured braking torque is the sum of braking 
torque of electromagnetic clutch and the friction (as shown in Figure 7-23). The test 
braking torque of electromagnetic clutch should be 23.5 − 4.7 = 18.8 𝑁𝑚. This value is 
close to the rated torque written in the manual 20𝑁𝑚. 
In the third test, the braking torque and response speed of the novel MRB are tested. 
During this first test, the electromagnetic clutch is engaged and 1𝐴 current is applied to 
the novel MRB at the 1st second. The test result is shown in Figure 7-25. During the 
second test, the electromagnetic clutch is engaged and 1.5 𝐴 current is applied to the 




Figure 7-25. Measurement of response time and braking torque when 1A current is 
applied to the novel MRB. 
 
Figure 7-26. Measurement of response time and braking torque when 1.5 A current is 
applied to the novel MRB. 
As show in Figure 7-25, the response time of the novel MRB is about 150𝑚𝑠. This 
response speed is faster than the response time of a conventional HBS (about 200–300ms) 
[23]. And the measured braking torque is about 100 𝑁𝑚. This result is different with the 
ANSYS analysis result (72 𝑁𝑚 as shown in Figure 7-15). This is because the braking 
torque of electromagnetic clutch, the inertia load of the two-way overrunning clutch and 
the friction caused by installation error are not considered when using ANSYS for the 
novel MRB analysis. Taking into account the above factors, the simulation result should 
be 72 + 23.5 = 95.5 𝑁𝑚. It is well matched with the measured braking torque. In the 
second test, the measured response speed of the novel MRB is also about 150𝑚𝑠. And 
the measured braking torque is about 130 𝑁𝑚. Same to above analysis, the simulation 
result should be 103 + 23.5 = 126.5 𝑁𝑚. It is well matched with the measured braking 
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torque. In order to better compare with the simulation data, more tests are carried out. 
0.5𝐴 , 0.75𝐴, 1.25𝐴 current are applied to the novel MRB. The measured braking torque 
are shown in Figure 7-27. 
 
Figure 7-27. Measured braking torque versus calculated braking torque based on 
simulation. 
As shown in Figure 7-27, the fitting shape of the measured test data is similar to the 
simulated data. The difference between the measured data and simulated is mainly caused 
by the braking torque of electromagnetic clutch and friction (as previously analysed and 
shown in Figure 7-24). Thus the braking torque of the novel MRB can be controlled by 
controlling the applied current.  
7.4 Summary  
A novel MRB is designed in this chapter. In order to test the designed MRB, a test 
platform is designed. The design detail and working principle of the novel two-way 
overrunning clutch based MRB are explained. Test results show that the designed two-
way controllable overrunning clutch based MRB solves the problem of heat generated by 
zero-applied field friction torque during vehicle cruising. The novel MRB achieves the 
function of near zero frictional torque during vehicle cruising. The braking torque of the 
novel MRB can also be controlled by controlling the current applying to the novel MRB. 







CHAPTER 8 Conclusion and future work 
8.1 Overview 
The primary focus of this thesis has been on investigation of advanced BBW systems for 
electric vehicles. In the study of the literature, the major drawbacks and research gaps in 
BBW system was identified as explained in Chapters 1 and 2. A comprehensive review 
of the literature on braking system, MRB and control algorithms for BBS were conducted 
and reported in Chapter 2. The review explored the work conducted in three related areas: 
(i) various braking system (ii) control algorithms and braking torque distribution 
strategies for braking system and (iii) various MRB systems. The designed braking 
control algorithms and braking torque distribution strategy for the BBW system were 
analysed through computer simulation. During the course of the research, a new MRB is 
also designed and tested on experimental platform. 
The major outcomes of the work can be summarized as: a new braking control strategy is 
designed for improving the braking energy of pure MBS. And braking control algorithms 
for the blended BBW are designed for different braking conditions: normal braking 
conditions and emergency braking conditions. A new braking torque distribution strategy 
is also designed to improve the braking energy recovery for the blended BBW. In addition 
to the braking control algorithms, a novel MRB and a test platform are designed.  
In this chapter, the major findings of the thesis are outlined and some specific and generic 
conclusions based on the study are derived. In addition, the possible future research 
directions based on the work conducted are discussed. 
8.2 Main contributions 
In this thesis, I focus on the study of BBW system. In order to improve braking 
performance and braking energy recovery, I develop some control algorithms for different 
types of BBW system and also develop a new MRB. The contributions are listed in 
following. (1) is for improving the braking energy recovery of pure MBS. (2) (3) and (4) 
are designed to solve existing problems of blended BBW system. (5) is a novel MRB. All 
the developed control algorithms and braking system are used to improve the existing 
BBW system. 
(1) New braking control strategy for pure MBS 
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A new braking strategy based on the driver's braking intention and motor characteristics 
is proposed in this thesis. Different braking intentions can be achieved by adjusting the 
weight of the MPC cost function. Simulation results prove that this strategy is able to 
recover more braking energy while without violating the driver's braking intention. 
(2) New observer for blended BBW system 
In this thesis, an observer is designed for the blended BBW system consisted of MBS and 
conventional BBW system. The simulation results prove that the designed observer is 
able to well estimate the input time-delay and the output braking torque of the 
conventional BBW system simultaneously. Even if the input time-delay of the 
conventional BBW system is a changed value, the designed observer is still able to well 
estimate the input time-delay and the output braking torque of the conventional BBW 
system in the blended BBW system. 
(3) Modified new extremum seeking algorithm 
Different with the conventional ESA, the MSMES algorithm overcomes the oscillation 
problem which exists in conventional ESA while keeping the extremum seeking 
capability. In addition, the MSMES algorithm is able to search out the optimal slip ratio 
even if the road conditions are changing. The control algorithm which combines modified 
extreme seeking based adaptive fuzzy sliding mode control scheme is able to make 
vehicle have good braking performance.  The proposed algorithm is validated through 
computer simulation. 
(4) New braking torque distribution strategy 
The new braking torque distribution strategy adjusts the braking torque distribution ratio 
according to the command braking torque signal, braking actuators’ dynamic 
characteristics and motor’s electrical characteristics. The performance of the proposed 
braking torque distribution strategy is compared with the other two control groups 
through computer simulation. Simulation results show that the designed braking torque 
distribution strategy can recover more braking energy.  
(5) Novel MRB  
A major development of the thesis is the design and development of a new MRB. The 
new MRB achieves the function of zero frictional torque in the off-state condition. Thus 
there is no heat generated by friction during vehicle cruising.  
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8.3 Future work 
As far as the future work is concerned, the research conducted in this thesis can be 
extended in the following directions. 
i. In this thesis, the design of MRB structure is an experience design. The MRB 
structure can be optimized to improve the braking torque. The multiple discs can 
be adopted. The electromagnetic clutch section can be improved. In this thesis, 
the electromagnetic clutch is purchased directly. In order to have a more compact 
structure, the section of electromagnetic clutch should be designed according to 
the needs. 
ii. The test platform can be improved. Because of the limited experiment conditions, 
only the braking torque and response speed of the novel MRB can be tested in this 
test platform. The algorithms designed in the previous chapters can be tested after 
the new experimental equipment is added. 
iii. The braking torque distribution strategy is designed for the independent wheel 
braking system. However, this strategy focuses on one wheel braking system and 
is designed based on the quarter vehicle model. During the vehicle braking, the 
braking force that tire-road can provide varies with the deceleration of the vehicle. 
The dynamic characteristic of vehicle should be considered for the braking torque 
distribution strategy design. For the next step, the braking torque braking torque 
distribution strategy should take the whole vehicle model into consideration. 
There may be still space for improving the braking energy recovery. 
iv.  In this paper, the braking of the vehicle is studied without considering steering 
system. In the future, the vehicle braking control for the blended BBW should also 
consider the steering system. In addition, all the designed braking systems and 
control algorithms should be tested on the real vehicle. If the experimental 
conditions permit in the future, it is better to test all the designed devices and 
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